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Abstract 
The southern African hedgehog (Atelerix frontalis) is the only native hedgehog species in 
South Africa. The published distribution of Atelerix frontalis is based on old occurrence 
records and few studies have investigated the species' current range or fundamental niche. In 
addition, Atelerix frontalis commonly exist in many urban areas but it is unclear what 
resources the species requires to survive and reproduce in these environments. Knowledge of 
the species' climatic envelope and resource requirements will enable us to assess the risk of 
population decline, protect the geographic areas expected to sustain future populations and 
estimate the innate ability of the species to respond to environmental change. My research 
focused on establishing the fundamental niche of Atelerix frontalis, as well as assessing their 
ability to cope with climatic and anthropogenic change. I assessed these ideas by obtaining 
Atelerix frontalis occurrence records (via museums, FreeMe Rehabilitation Centre and public 
reported sightings) and conducting species distribution modelling, resource selection analysis 
and assessment of demographic patterns in urban environments. The species distribution 
models indicated that Atelerix frontalis occurred predominately in climatic regions with dry, 
cold winters and wet summers, climatic conditions that correspond with the savanna and 
grassland biomes of South Africa. The range of suitable habitats for Atelerix frontalis can be 
expected to decline in the future, although high lying areas, such as the Drakensberg 
mountain range, may offer suitable refugia to sustain populations. Atelerix frontalis were 
common in urban environments, and within the Greater Johannesburg area, they favoured 
Egoli granite grassland vegetation and albic plinthosol soils. My research suggests that 
Atelerix frontalis often occurred in close proximity to roads and human settlements, resources 
that are likely to be selected for feeding and dispersal opportunities. Urban Atelerix frontalis 
sightings were closer to all the environmental features selected than the general population, 
indicating behavioural plasticity through niche differentiation. Atelerix frontalis demographic 
data indicated post-torpor breeding in spring and summer, as well as juvenile dispersal in late 
summer and autumn. Urban dwelling Atelerix frontalis populations appeared to be 
sustainable, with the majority of Atelerix frontalis recovered by FreeMe Rehabilitation Centre 
in good body condition. Atelerix frontalis survival and persistence in South Africa seems 
precarious given the species fundamental niche requirements and the extensive anthropogenic 
transformation of savanna and grassland biomes. However the species’ ability to survive and 
reproduce in urban environments may greatly benefit future populations, through exploitation 
of refugia in transformed urban habitats. 
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Chapter 1. Introduction 
 
Rationale 
The southern African hedgehog (Atelerix frontalis) is a unique species and the only naturally 
occurring hedgehog species in South Africa, Zimbabwe, Botswana, Namibia, and Angola 
(Skinner and Chimimba 2005). Over the last few decades, the public has reported a decline in 
the number of Atelerix frontalis sightings in rural areas, raising concerns about potential 
population declines. Current published distribution maps for Atelerix frontalis are based on 
historic museum records and information from research papers produced over 30 years ago. 
Since then, current occurrence records have not been consolidated and the species 
distribution has not been updated. With so little known about the current distribution of 
Atelerix frontalis, it is difficult to establish its conservation status and predict how the species 
may cope with future environmental change, such as climate and anthropogenic change. 
 
Atelerix frontalis are one of the wild small mammal species that live in urban environments, 
and sightings appear to be on the increase in many residential gardens in Johannesburg. 
Species that live in urban environments are often considered to be generalist (plastic) species 
because they are able to cope with the pressures of the urban environment (Dickman and 
Doncaster 1987; Ragg and Moller 2000; Ditchkoff et al. 2006). Yet, Atelerix frontalis appear 
to be patchily distributed within Johannesburg and very little is known about 1) the resources 
that this species requires to survive and reproduce in urban environments, and 2) the reasons 
for them coming into contact with people. In order to conserve Atelerix frontalis in 
anthropogenically-altered habitats, it is essential to assess how the species may be adapted to 
living in urban environments. The creation and management of natural areas in urban 
environments could be an important part of conserving and safe guarding the species for the 
future (Pavey et al. 2014). Urban habitats could act as buffers and even possibly limit the 
species exposure to regional climate change (Williams et al. 2008). My study aimed to 
establish the fundamental niche of Atelerix frontalis, as well as assess its ability to cope with 
climate and anthropogenic change. In doing so, I explored the historic, current and potential 
future distribution of Atelerix frontalis within southern Africa and investigated the urban 
occurrence of the species within Greater Johannesburg. 
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Species Distributions 
A species distribution is defined as the geographic area that a species occupies. Species 
distributions are not fixed and can change over time, either naturally as seen in seasonally 
migrating birds, or through range shifts imposed by climate change (Williams et al. 2008). 
The area a species occupies is dependent on a combination of extrinsic factors (abiotic and 
biotic environment) and intrinsic factors (Williams et al. 2008; Jackson 2011; Gonzalez-
Salazar et al. 2013). The intrinsic factors encompass species-specific physiological 
tolerances, resource requirements, and genetic diversity (Williams et al. 2008).  
Establishing species distributions and identifying suitable habitats for their occurrence is 
essential for conservation biology in order to focus conservation efforts and manage 
populations of threatened species (Anderson and Martinez-Meyer 2004; Thomaes et al. 
2008). When dealing with elusive species, where only a few occurrence records are available 
and the distribution has not been well established, species distribution modelling can greatly 
aid in determining the likely distribution of the species and possibly find previously unknown 
populations (Pearson et al. 2007; Thomaes et al. 2008; Jackson 2011). Species distribution 
modelling is an invaluable tool for establishing a species fundamental niche, which is the 
potential area and resources that a species can occupy or use respectively when there are no 
limiting factors. However, species are typically unable to exploit the entirety of the 
fundamental niche due to factors such as competition, predation, dispersal ability and human 
development. Consequently, the actual area that a species uses is known as the realised niche 
and this is typically reflected in the local occurrence of a species (Peterson 2001; Thomaes et 
al. 2008).  
 
Environmental Change  
Environmental change has become a popular topic in environmental studies because it is 
expected to greatly affect ecosystems and species distributions. Gaining knowledge about the 
effects of environmental change on species and predicting future consequences of habitat and 
environmental change is essential to determine which species are the most threatened and are 
of immediate conservation concern (Dormann 2007; Thomaes et al. 2008; Jackson 2011). 
Environmental change can be classified into two major types: climate change and 
anthropogenic change. Both can influence species at the same time, often synergistically 
(Williams et al. 2008). Climate and anthropogenic changes can have great implications for 
the distribution and resource availability for species (Dickman and Doncaster 1987; Peterson 
2001; Dormann 2007; Thomaes et al. 2008). 
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Climate Change 
Changes in the Earth’s climate are not new. In the distant past, the Earth’s climate changed 
many times due to natural processes such as volcanic eruptions and shifts in the Earth’s orbit 
(Root et al. 2013). However, the current change in climate is occurring more rapidly and has 
been attributed to human induced environmental changes (Root et al. 2013). The effects of 
climate change are experienced globally, and even continents with diverse temperature and 
rainfall gradients, such as Africa, are much warmer than they were 100 years ago (Hulme et 
al. 2001). Climate change is a threat to many species and scientists have predicted high levels 
of extinction in the future if interventions do not take place soon. In southern Africa alone, 
the mean annual temperature is expected to increase between 1.5 and 7°C by 2080s and drier 
conditions are expected for most of the interior regions of the continent (Hulme et al. 2001).  
 
Regional climate is an important abiotic factor that dictates species occurrence through 
species-specific physiological tolerance and resource requirements (Williams et al. 2008; 
Gonzalez-Salazar et al. 2013). Climatic characteristics predetermine the availability of 
resources in a region and influence species presence through the location and abundance of 
required resources (Williams et al. 2008; Gonzalez-Salazar et al. 2013). Species responses to 
climate change can typically be seen in shifts in both their abundance and geographical 
distribution. Numerous species display range shifts in order to remain in areas with the same 
relative climatic conditions (Williams et al. 2008). For example, the American pika 
(Ochotona princeps) has shifted its range by moving upward in elevation by 500m over the 
last 100 years (Root et al. 2013). Climate change can result in range shifts, expansions or 
contractions, as it has the duel effect of creating new areas for species to colonize as well as 
changing once suitable environments to be uninhabitable (Root et al. 2013). Climate change 
therefore fundamentally interferes with ecosystem function, affecting biotic interactions, 
genetic diversity, selection pressures (i.e. change in food resources available which are only 
accessible to individuals with specific morphological features, such as beak size or strength), 
phenology, behaviour, population dynamics, and species distributions (Williams et al. 2008; 
Gonzalez-Salazar et al. 2013). However, climate change is not the only factor influencing 
species, as the environment is also continually changing due to anthropogenic changes (Root 
et al. 2013). 
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Anthropogenic Change 
Humans are responsible for numerous environmental changes though the introduction of 
exotic species, pollution, exploitation of resources, the creation of barriers and the 
transformation and loss of habitat that directly affect species (Dickman and Doncaster 1987; 
Robinson et al. 1992). In a developing world, urbanization, mining and agriculture dominate 
the landscape. These practises result in the clearing of large areas of natural vegetation, 
leaving little space for native wildlife and altering ecosystem processes (Hurst et al 2014). 
The introduction of exotic species can have devastating effects on native species through 
competition, predation, disease, hybridization, and a potential lack of population control 
(Gonzalez-Salazar et al. 2013). Pollution and poor resource management are serious issues 
that lead to irreversible damage to the environment; such activities have negative effects on 
biodiversity and ultimately result in extinction of species (Root et al. 2013). Anthropogenic 
barriers are structures such as roads, railways, fences, cities and villages. For small mammals, 
these barriers potentially restrict movement of individuals between populations within their 
geographic range and severely limit dispersal (Richardson et al. 1997; Benítez-López et al. 
2010).  
 
The effect of anthropogenic development has largely resulted in positive or negative extremes 
for species. Some species appear to thrive in large numbers in these altered areas while other 
species completely disappear (Hurst et al. 2014). The impact of development can greatly 
affect species richness and abundance, resulting in unnatural ecosystem functioning (e.g. the 
loss of natural predators, resulting in a higher abundance of a given species) and hierarchical 
dynamics (abnormal ratios of predators to prey) (Matson et al. 1997).  
 
Regional climate conditions and the level of anthropogenic transformation govern species 
distributions. The former dictates the geographic range available and the latter the ability for 
local occurrence, even in areas that are geographically and climatically suitable. 
Understanding the contribution of both factors is essential in establishing a species 
distribution and evaluating species vulnerability. 
 
The Effects of Urbanisation 
Urbanization has a substantial impact on natural habitats, making many areas uninhabitable 
for wildlife (Dickman and Doncaster 1987; Ditchkoff et al. 2006). However, numerous small 
mammal species live in urban environments, such as the bank vole (Clethrionomys 
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glareolus), common shrew (Sorex araneus), wood mouse (Apdodemus sylvaticus), (Dickman 
and Doncaster 1987), brush mouse (Permyscus boylii) and the Pacific kangaroo rat 
(Dipodomys agilis) (Sauvajot et al. 1998). Urban development fragments the landscape, 
creating barriers for species dispersal from one area of suitable habitat to the next. Although 
movement between pockets of suitable habitat is very limited in urban environments, many 
species can use riverine and road corridors for dispersal; small mammal examples include 
Stephen’s kangaroo rat (Dipodomys stephensi) (Brock and Kelt 2004) and European 
hedgehogs (Erinaceus europaeus) (Dickman and Doncaster 1987).  
 
Fragmentation can have negative effects on a species, bringing about local extinctions, 
inbreeding, low genetic diversity, deviations in morphology (due to population bottlenecks), 
and decreases in population size (Sauvajot et al. 1998). For example, small mammal 
abundance and richness are greatly reduced in chaparral vegetation areas with high levels of 
disturbance and development (Sauvajot et al. 1998). The small mammal species, such as the 
brush mouse (Peromyscus boylii), deer mouse (Peromyscus maniculatus), and desert woodrat 
(Neotoma lepida), that occupy chaparral vegetation have specific resource and habitat 
requirements, and only occur in areas untouched by urban development (Dickman and 
Doncaster 1987; Robinson et al. 1992, Sauvajot et al. 1998). Fragmentation can also have 
positive effects such as increases in population size, due to lower predation levels and greater 
food availability (Dickman and Doncaster 1987; Robinson et al. 1992). Some small mammal 
species thrive in and even exploit urban environments, such as the house mouse (Mus 
musculus) and brown rat (Rattus norvegicus). Such species are typically able to exploit a 
broad range of resources, and are able to survive and reproduce in a variety of habitats 
(Weislo 1989; Ragg and Moller 2000). 
 
As we can see, species respond differently to anthropogenic change and assessing this 
response is an essential part of determining species vulnerability, reducing human animal 
conflict and ensuring species survival (Ditchkoff et al. 2006; Williams et al. 2008). The 
vulnerability of a species is dependent on its resilience and adaptive capacity to climatic and 
anthropogenic environmental changes. The resilience of a species describes its ability to 
survive and recover from environmental disturbance (Sauvajot et al. 1998; Williams et al. 
2008). Factors that aid in increasing the resilience of a species and reducing extinction risk 
are large geographic ranges containing suitable habitats, high reproductive rates, short life 
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spans, minimal space requirements, and high dispersal ability (Dickman and Doncaster 1987; 
Robinson et al. 1992; Williams et al. 2008).  
 
Large geographic ranges help to reduce the impact of environmental change on species. The 
areas that are often first to be affected by environmental change are the edges of the species 
distribution. Edges are characterised as regions where the ecosystem structure and 
composition begin to change, such as transition zones between habitats (Dickman and 
Doncaster 1987). These edge effects are less prominent for large source populations because 
more area is available to occupy, even when some parts of the geographical range become 
unsuitable (Robinson et al. 1992; Williams et al. 2008). High reproductive rates ensure that 
there are continually more high numbers of individuals recruited into the population and short 
life spans allow species to respond to change faster due to shorter generation times (Robinson 
et al. 1992; Williams et al. 2008). Species with minimal space requirements can survive and 
reproduce in small areas, and are therefore likely to occur in higher abundance. Having a high 
dispersal ability allows species to effectively cross barriers and move over inhospitable areas, 
thereby reducing their risk of extinction by not being confined to high risk areas (Robinson et 
al. 1992; Williams et al. 2008).  
 
Phenotypic Plasticity and Niche Conservatism 
Every organism contributes to ecosystem functioning and the specific ecological contribution 
are based on the species behavioural, morphological and physiological adaptations. The 
interaction between a species and its environment, both biotic and abiotic, is known as a 
niche (Peterson 2001; Thomaes et al. 2008). A niche can be broken down into two parts for 
each species. The fundamental niche is the region a species can occupy if there were no 
limiting factors, such as predation, food or mate availability (Peterson 2001; Thomaes et al. 
2008). While the realised niche is the actual area a species occupies in the environment due to 
interactions with the ecosystem (limiting factors) (Peterson 2001; Thomaes et al. 2008). 
 
Niche differentiation is described as a species’ selection of dissimilar or distinct niches across 
spatial and/or temporal scales. Niche differentiation is typically a result of changes in 
ecological factors and climatic ranges, where a species may exploit or adapt to niches 
previously unavailable due to the presence predators or competitors (Dickman and Doncaster 
1987; West-Eberhard 1989; Ditchkoff et al. 2006; Ghalambor et al. 2010). Another 
explanation for the existence of wild animals in urban areas is niche conservatism, which 
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suggests that the occurrence of a species in an urban environment might be because 
appropriate habitats exist that serve the evolutionarily developed needs of the species (Cooper 
et al. 2011; Pavey et al. 2014).  
 
Phenotypic plasticity is the ability of a single genotype to produce multiple phenotypes 
(West-Eberhard 1989; Ghalambor et al. 2010). The genotype of the species remains 
unaffected but the phenotypes expressed are linked to prevailing environmental conditions 
(West-Eberhard 1989; Ghalambor et al. 2010). Phenotypic plasticity can occur in the prenatal 
or early post-natal phases through the parsing of environmental stimuli, which has been 
documented in epigenetic phenomena and developmental plasticity, or later in a species life 
due to prevailing environmental conditions (West-Eberhard 1989). Phenotypic plasticity is 
the result of genotype-phenotype coupling becoming relaxed, which enables species to 
exploit new environments.  
 
The more commonly expressed forms of phenotypic plasticity are differences in physiology, 
morphology and most frequently behaviour (West-Eberhard 1989; Ghalambor et al. 2010). 
Behaviours, such as resource selection, predator avoidance and foraging, commonly show 
adaptive responses to environmental change (Weislo 1989; Ghalambor et al. 2010). An 
example is the urban living populations of Cape ground squirrels (Xerus inauris), which 
express lower levels of predator avoidance behaviour by displaying reduced levels of 
vigilance and have shorter flight initiation distances (a measure of habituation) than non-
urbanized populations (Chapman et al. 2012). Unlike other forms of adaptation, phenotypic 
plasticity can be expressed within the lifetime of an individual, thereby providing a selective 
advantage and greatly influences the ability of individuals to survive and reproduce (West-
Eberhard 1989; Ghalambor et al. 2010). Plastic species would likely show variation in 
resource requirements and not be restricted to specific habitats (Cooper et al. 2011; Crisp and 
Cook 2012). For this reason, phenotypic plasticity can be expressed through niche 
differentiation, as plastic species could occupy multiple niches and are not restricted to the 
natural ancestral niche.  
 
A species adaptive capacity is its intrinsic ability to cope with environmental change either 
through evolutionary or ecological traits. The traits affecting the adaptive capacity of a 
species are genetic diversity, phylogeographical diversity (historical processes that 
determined the species current geographic range) and plasticity (ecological, genotypic and 
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phenotypic changes) (Williams et al. 2008). The ability of a species to cope with climate and 
anthropogenic change may be related to its ability to demonstrate plastic responses (Williams 
et al. 2008). Species that live in urban environments are expected to be behaviourally plastic 
in order to cope with the unpredictable conditions. In particular, urban living species are 
expected to be resource generalists and display niche differentiation in order to exploit the 
resources and habitats available (Dickman and Doncaster 1987; West-Eberhard 1989; 
Ditchkoff et al. 2006; Ghalambor et al. 2010).  
 
Niche differentiation proposes that species occurrence in urban environments are adaptive 
responses to novel habitats. However, it is also important to consider that species may be 
found in urban environments because naturally vegetated areas may act as refugia, which 
mimic the species natural niche (Pavey et al. 2014). Niche conservatism hypothesises that 
some species have the tendency to preserve the characteristics of their niche over time. It 
assumes that the niche a species occupies is based on its resource requirements and 
physiological tolerances, which reflects ancestrally inherited characteristics that are adapted 
to the prevailing environmental conditions (Cooper et al. 2011; Crisp and Cook 2012). At a 
finer scale, the local occurrence of species can be greatly affected in urban areas due to 
patchily distributed resources (Pavey et al. 2014). Species that display niche conservatism 
would retract their spatial distribution to refuge habitat in the urban environment, which are 
areas in the landscape with a relatively high availability of resources, such as natural and 
verge habitat (Pavey et al. 2014). Niche conservatism suggests that species are unlikely to 
evolve new phenotypic tolerances in response to changing environmental conditions; for 
example, species will shift spatial distribution or move upward in elevation to remain within 
the same niche (Araujo et al. 2013). Environmental change could pose a threat to niche 
conservative species and even possibly result in local extinction (Cooper et al. 2011).  
 
General biology of hedgehogs 
Hedgehogs are insectivorous small mammals, with short hard spines covering their entire 
back and top of the head (Macdonald 2010). There are 16 species of hedgehogs, all belonging 
to the Erinaceinae subfamily. Hedgehogs can be found in Africa, Europe and Asia, but not in 
areas north of deciduous forests in both Europe and Asia (Macdonald 2010). The distinctive 
behaviour of hedgehogs is their ability to roll into a tight spiny ball, protecting and 
concealing their head and legs. This defensive curl deters predators and, while rolled, 
hedgehogs erect their spines and growl or hiss (Skinner and Chimimba 2005). Hedgehogs use 
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their acute sense of smell and hearing to locate food (mainly invertebrates) and mates 
(Macdonald 2010). During times of abundant food, hedgehogs are able to consume up to a 
third of their body weight in one night, a useful tactic to prepare for hibernation during winter 
(Skinner and Chimimba 2005, Macdonald 2010). Hedgehogs are nocturnal but have also been 
known to forage during the day when insects flush after rainstorms (Hex 1997). Hedgehog 
nesting sites are typically under dry piles of grass, leaves, or between rocks. Female 
hedgehogs retain the same nest site when they have a litter during the breeding season (spring 
and summer), but these sites are typically changed frequently to reduce predation risk 
(Macdonald 2010).  
 
European Hedgehog Decline 
Hedgehogs are common in many residential gardens in many parts of the world. The 
European hedgehog (Erinaceus europaeus) has been well researched in urban environments. 
Erinaceus europaeus weigh 500-1000g, varying greatly based on sex and season, and are 20-
30cm in length (Morris and Reeve 2008). Over the last 10 years, Erinaceus europaeus 
numbers have declined by 37% worldwide, a loss attributed to climate change, habitat loss, 
fragmentation, agriculture, poor management and predation (Hof 2009; Vaughan 2013). The 
increased use of pesticides on rural farmlands has resulted in severe loss of hedgehogs, 
increasing the likelihood of primary and secondary poisoning of hedgehogs and diminishing 
the available food resources (Hof and Bright 2012). In addition, climate change has led to 
more severe rainstorms in the United Kingdom, which has resulted in numerous hedgehog 
burrows becoming flooded and uninhabitable (Hof and Bright 2012).  
 
Interestingly, Erinaceus europaeus appear to be occurring in higher abundance in urban than 
rural areas (Micol et al 1994; Hof 2009). Reduced levels of predation from natural predators 
(badgers) and abundant food resources available from human refuse appear to provide a 
favourable environment and promote population growth (Micol et al. 1994; Hof 2009). 
However, city living is not without its dangers as Erinaceus europaeus are frequently killed 
on roads and attacked by dogs and cats (Hof 2009; Vaughan 2013). Erinaceus europaeus 
appear to be a relatively adaptable species occurring in multiple habitats and various 
vegetation types such as grasslands, woodlands and meadows but display specific preference 
for transition zones between habitats (Riber 2006; Amori et al. 2008; Hof 2009; Vaughan 
2013). Compared to Erinaceus europaeus, much less is known about Atelerix frontalis. 
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Understanding the causes for decline in Erinaceus europaeus may help us to better 
understand changes in population patterns and distribution in our own species. 
 
 
Figure 1.1: Published distribution of Atelerix frontalis. Hutterer 2008, IUCN. 
 
Southern African Hedgehogs (Atelerix frontalis) 
Atelerix frontalis are the only naturally occurring hedgehog species in South Africa, 
Zimbabwe, Botswana, Namibia and Angola (Skinner and Chimimba 2005). Atelerix frontalis 
are primarily found in the savanna and grassland biomes, showing a preference for temperate 
and dry grassland or savanna, tree savanna and subtropical dry forest regions (Skinner and 
Chimimba 2005). This species is commonly found in urban or peri-urban areas, with 
numerous sightings reported in the Greater Johannesburg areas (Artingstall 2013). 
 
Adults weigh between 280-350g and are 15-20cm in length (Skinner and Chimimba 2005). 
They have dark brown fur covering the belly and face, with a distinctive white band across 
the forehead, the extent of which can vary between individuals. Atelerix frontalis can be 
distinguished from other African hedgehog species other than underbelly colour. The ear size 
and spines are different for each of the African species. Specifically in regards to 
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identification between Atelerix albiventris and Atelerix frontalis, A. frontalis has 5 toes on 
each paw, whereas A. albiventris have only four toes on their hind paws (Happold 2013).” 
 
Insects form the main food of Atelerix frontalis and their diet also includes small reptiles, 
amphibians, small mammals, young birds, fruits, roots and leaves. Atelerix frontalis have also 
been known to consume beef mince, dog food, cat food and bread, provided by people 
(Lynch 1983; Smithers 1983; Skinner and Smithers 1990). Atelerix frontalis enter torpor 
during the cold winter months, characterized by reduced body temperature, respiration rate 
and oxygen consumption (Gillies et al. 1991). They can become active and forage during 
winter if there is a warm period but will resume torpor when temperatures decrease again 
(Smithers 1983). 
 
Atelerix frontalis are solitary, foraging and nesting alone, but can be seen in pairs during 
mating and in groups when juveniles forage with their mother (Lynch 1983). Mating begins 
in spring and litters are born throughout the warm season, especially summer, after a 
gestation period of 5-6 weeks (Smithers 1983). Female Atelerix frontalis can produce up to 
two litters a year and litters range between 1-10 hoglets, with an average of four young per 
litter (Skinner and Smithers 1990). Males do not take part in parental care (Skinner and 
Smithers 1990). When the hoglets reach 4-6 weeks of age, they begin foraging with their 
mother and are weaned by 5 weeks of age (Lynch 1983). Atelerix frontalis become sexually 
mature at one year and live up to 3 years in nature (Skinner and Chimimba 2005).  
 
The main natural predators for the species is the giant eagle owl (Budo Lacteus), and other 
predators include honeybadgers (Mellivora capensis), domestic dogs (Canis lupis), cats (Felis 
catus) and frequently humans, who eat or sell Atelerix frontalis as pets or use the spines for 
traditional medicines (Skinner and Chimimba 2005). Atelerix frontalis is listed as least 
concern according to the IUCN Red List of Threatened Species. The population trend is 
considered to be stable, and due to its widespread distribution, it is expected that there are no 
major threats to the species survival (Hutterer 2008). 
 
The main aim of my research was to establish the fundamental niche of Atelerix frontalis and 
in doing so assess the vulnerability of the species to climate and anthropogenic change. 
During an earlier study, I assessed the published distribution (Skinner and Chimimba 2005; 
Hutterer 2008) of Atelerix frontalis and from this analysis it appeared the species was 
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occupying a specific climatic envelope of mean annual temperatures of 10-25°C, rainfall 
ranges of 200-800mm per year and altitudes between 800-1500 m above sea level (Artingstall 
2013). However, the accuracy of these published distribution maps is questionable due to the 
limited availability of Atelerix frontalis occurrence records. It was therefore important to 
sample the distribution thoroughly so that I could gain a better understanding of Atelerix 
frontalis climatic preferences and assess the possible influence that climatic change may have 
on the species. I expected that the distribution observed in the present study would be largely 
similar to the already published distribution maps, showing a similar climatic niche. I also 
expected the species distribution models would predict a retraction and/or shift in the species 
distribution under future climatic scenarios. Some anthropogenic changes such as loss and 
transformation of habitat are likely to have a negative impact on Atelerix frontalis, as less 
space is available to be occupied. However, Atelerix frontalis are also known to live in urban 
environments and are identified as an adaptable species (Hutterer 2008) with no major 
threats. Therefore, I expected that the Johannesburg urban population would select different 
resources than the South African scale occurrence. This would suggest that the current urban 
populations of Atelerix frontalis are displaying behavioural plasticity by selecting alternative 
resources in urban environments, which enables them to exploit unoccupied niches.  
 
Dissertation layout 
The dissertation comprises of five chapters in total. Aside from this introductory chapter (1), 
there are three data chapters (2 - 4) and a general discussion chapter (5). The three data 
chapters include a brief introduction, methods and materials, results and discussion section. 
The first data chapter (chapter 2) focuses on species distribution modelling, with regard to the 
past, present and potential future distribution of Atelerix frontalis. The second data chapter 
(chapter 3) focuses on resource selection functions and differences between the national 
(South African) and urban (Johannesburg) occurrence of Atelerix frontalis. The final data 
chapter (chapter 4) focuses on the demographic patterns of Atelerix frontalis, based on 
information collected by FreeMe Rehabilitation Centre. Tables and Figures are numbered in 
sequence for each chapter. There is a reference and appendix section provided. Throughout 
the dissertation, I avoided repetition of information between chapters but some overlap in 
content is possible.  
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Chapter 2. Species distribution modelling 
 
Introduction 
Protecting species for the future is an important part of preserving biodiversity, but without 
accurately determinng species distributions, conservation efforts may be unsuccessful 
(Anderson and Martinez-Meyer 2004; Thomaes et al. 2008). Elusive species such as Atelerix 
frontalis, where only a few occurrence records are available and the distribution has not been 
well established, species distribution modelling can greatly aid in determining the likely 
distribution of the species and possibly find previously unknown populations (Pearson et al. 
2007; Thomaes et al. 2008; Jackson 2011). Species distribution modelling is an invaluable 
tool for establishing a species fundamental niche and a platform to investigate the species’ 
realised and ecological niche. 
 
The ecological niche is the space occupied by a species in the ecosystem; this includes the 
physical space and resources used, the species environmental role, trophic position, and 
ecological tolerances (Peterson 2001; Gonzalez-Salazar et al. 2013). Species distribution 
models typically focus on the relationship between abiotic variables (e.g. temperature, rainfall 
and altitude) and species occurrence. Biotic factors, such as competition, resource/prey 
availability or predator-prey interactions, are also important for understanding the distribution 
of suitable habitat for a species and especially required for modelling ecological niches 
(Peterson 2001; Thomaes et al. 2008). However, ecological interactions are difficult to 
incorporate in species distribution models, as there is often insufficient information for many 
biotic factors (Dormann 2007). Therefore, several authors have advised that interpretation of 
species distributions should be based on a combination of the modelled distribution and 
expert knowledge (Peterson 2001; Pearson 2007). The use of multiple modelling techniques 
could be beneficial to evaluate the accuracy of the predicted distribution and compensate for 
the limitations of only modelling with abiotic factors. Regardless of its limitations, species 
distribution modelling is not only effective at predicting the current species distribution, but 
also helpful for modelling the impact of environmental change on the future distribution of 
species (Peterson 2001; Anderson and Martinez-Meyer 2004; Pearson 2007) 
 
Species distribution modelling techniques 
Species distribution models (SDMs) are frequently used to predict species geographical 
ranges using either correlative or mechanistic models (Pearson 2007; Elith and Leathwick 
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2009). Mechanistic approaches are difficult to use for many species, as these require 
extensive knowledge of the physiological tolerances of the species and responses to 
environmental conditions (Chuine and Beaubien 2001). The more frequently used correlative 
SDMs focus on the relationship between species occurrence records and an assortment of 
environmental variables that are predicted to affect the likelihood of species occurrence or 
long-term sustainability (Anderson and Martinez-Meyer 2004; Elith and Leathwick 2009; 
Peterson et al. 2011). Correlative models incorporate environmental layers and occurrence 
data into an SDM algorithm. Environmental layers are spatial maps with values attributed to 
geographic coordinates for abiotic or biotic factors (e.g. temperature, rainfall or competition 
severity with another species). The algorithm identifies which environmental features are 
related to the species presence or absence. SDMs are calibrated with a large, random subset 
of the occurrence data (>70%) and later evaluated for performance with AUC (area under 
curve) or Kappa statistical tests, using the remaining occurrence records (Thuiller 2003; 
Pearson 2007; Lobo et al. 2008; Elith and Leathwick 2009; Peterson et al. 2011).  
 
To model the current and future distribution of Atelerix frontalis, I used four models: boosted 
regression trees (Elith et al. 2008), a generalised linear model (Miller and Franklin 2002; 
Thuiller 2003), Maxent (Phillips et al. 2006; Phillips and Dudik 2008) and a neural network 
(Manel et al. 1999; Pearson 2007). I selected these four SDMs because they are commonly 
used distribution modelling techniques and could provide insight into the Atelerix frontalis 
distribution. Below, I review each model and argue the merits and shortcomings of each. 
 
Boosted regression trees (BRT) are non-linear models for predicting species distributions. It 
uses binary tree systems where decisions are made at each node until the output is reached at 
a leaf node (Elith et al. 2008; Elith and Leathwick 2009). Decisions are made based on the 
influence of predictor variables on the probability of occurrence (Elith et al. 2008; Elith and 
Leathwick 2009). The analysis is defined as stagewise, where new trees are continually added 
to the model to improve performance while old trees remain unchanged. Each new tree added 
corrects for poor performance of the existing trees and the contribution of old trees gradually 
decays over time (Elith et al. 2008; Elith and Leathwick 2009). BRTs are able to accurately 
predict species distributions and provide information about trophic level interactions in the 
ecosystem. However, BRTs require numerous trees to correctly model linear response curves. 
This is due to the discrete decision making process of BRTs (Elith et al. 2008; Elith and 
Leathwick 2009).  
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Generalized linear models (GLM) are the most common SDMs used. GLMs incorporate 
generalized linear regression through a link function to model the relationship between 
predictor and response variables (Miller and Franklin 2002; Thuiller 2003). The GLM 
attributes coefficient values to each of the predictor variables. The coefficients could be 
negative or positive. Negative coefficients decrease that probability of occurrence as the 
value of the predictor variable increases and the opposite is true for positive coefficients 
(Miller and Franklin 2002; Thuiller 2003). GLMs have the ability to predict present species 
distributions through climatic relationships, but can be restricted by their inability to cope 
with complicated response curves (Miller and Franklin, 2002; Thuiller 2003). Since GLMs 
are inherently linear, the coefficient values are set and cannot be modified based on the 
changes of one predictor variable (Miller and Franklin, 2002; Thuiller 2003). Therefore, only 
a single climatic relationship can be modelled for the species. For many species distributions, 
this is not problematic as there is often a linear relationship between the predictor variables 
but for some species with more complicated physiological tolerances, other SDMs may be 
more appropriate (Miller and Franklin 2002; Thuiller 2003).  
 
Maxent projects estimate species distribution of suitable environmental habitats into 
geographic space using data from presence records and typically environmental layer data. 
The modelled species distribution is estimated by the uniformity that the specified study area 
shares with observed occurrence and the associated environmental conditions (Phillips et al. 
2006; Phillips and Dudik 2008). Maxent is often used to model species distributions because 
it requires only presence records, uses both categorical and continuous data, and has been 
found to perform well with few records (Phillips et al. 2006; Phillips and Dudik 2008; 
Jackson 2011). 
 
Neural Networks (NN) are intelligent computational models that are based on the same 
functioning as biological neurons (Manel et al. 1999; Pearson 2007). NNs typically have 
three layers: an input layer (predictor variables), a hidden layer (comprised of a specified 
number of neurons), and an output layer (predicted probability of occurrence). Each of the 
input variables are attributed weights (contribution to the output) which feed into neurons 
within the hidden layer. The programmer can specify the number of neurons in the hidden 
layer. Adding more neurons in the hidden layer allows for more complex relationships to be 
modelled between the input variables (Manel et al. 1999; Pearson 2007). The output of the 
hidden neurons is then summed at the output layer neuron. The output can be interpreted as 
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the species probability of occurrence. Bias values are used to shift the output value to within 
the required range for interpretation, i.e. 0 and 1 for probability estimates (Manel et al. 1999; 
Pearson 2007). A decade ago, NNs were of great interest to biologists and were used in 
SDMs because of their ability to identify ecological envelopes when the species had non-
linear responses to the environmental conditions and their responsiveness to non-normal 
statistical distributions (Manel et al. 1999; Pearson 2007). However, modelling species 
distributions with NNs requires solid theoretical knowledge of their functioning and 
advanced computer programming skills, to which many scientists have not been exposed and 
therefore NNs have not been used in many recent studies (Manel et al. 1999; Pearson 2007). 
 
Due to the limited biological information available for Atelerix frontalis, I could not limit my 
study to one modelling method or evaluate the characteristics of each model for best fit. Each 
mathematical model that has been designed for SDMs provides for differing relationships 
between a species and the environment. These relationships can be complex or simple 
depending of the species physiological tolerances but when there is a lack of depth 
knowledge of a species, it is recommended that multiple modelling methods are used to cater 
for numerous possible relationships (Miller and Franklin 2002; Pearson 2007; Elith et al. 
2008; Phillips and Dudik 2008). 
 
Aims and objectives 
The aim of this study was to model the current and future distribution of Atelerix frontalis in 
southern Africa. I had two objectives. 1) To ascertain the occurrence of Atelerix frontalis in 
southern African from museums records and sightings reported by members of the public. 2) 
To use the occurrence data to model the current and potential future distribution of Atelerix 
frontalis for future climatic scenarios in 2050 and 2070, using boosted regression tree 
analysis, a generalised linear model, Maxent, and a neural network.  
Possible outcomes. Considering the effects of climate change and increasing anthropogenic 
development in many areas of southern Africa, there are four possible outcomes modelled for 
the changes in the Atelerix frontalis distribution. 1) Range retraction due to diminishing 
availability of suitable habitat. 2) Range expansion due to increased availability of suitable 
habitat. 3) Range shift due to changes in the locality of suitable habitat or movement to areas 
where suitable habitat is buffered from climate and anthropogenic change (often paired with 
range expansion or retraction). 4) Range conservation (no change) due to climate or 
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anthropogenic changes having no effect on the occurrence of Atelerix frontalis (Williams et 
al. 2008; Gonzalez-Salazar et al. 2013; Root et al. 2013). 
 
Methods and materials 
Data collection 
To establish the occurrence of Atelerix frontalis in southern Africa, I e-mailed curators of 
museums both within southern Africa and natural history museums around the world about 
Atelerix frontalis in their collections. In southern Africa, the Amathole Musuem, Ditsong 
National Museum of Natural History, Durban Natural Science Museum, Iziko Museum of 
South Africa, National Museum of Bloemfontein and the University of the Witwatersrand 
Museum. I received Atelerix frontalis records from all the museums except Iziko Museum of 
South Africa. Internationally, I contacted the American Alliance of Museums, British 
Museum, Museum of Natural History London, Natural History Museum Scotland, Natural 
History Museum of Los Angeles County, and the Smithsonian National Museum of Natural 
History. I received two Atelerix frontalis records from the British Museum and 8 from the 
Smithsonian National Museum of Natural History. I recorded the collection date of each 
specimen and the location (GPS coordinates) where it was collected. Due to the rarity of 
Atelerix frontalis sightings, I did not restrict the records collected to any time period.  
My second method of data collection was via citizen science. Citizen science is research 
based on members of public volunteering to provide information or on the ground assistance 
(Dickinson et al. 2010; Devictor et al. 2010). Citizen science can be a useful tool in sampling 
large geographic areas and providing information for areas that are inaccessible (private land) 
or too large to sample with traditional methods (Dickinson et al. 2010; Devictor et al. 2010). 
I invited the public to report Atelerix frontalis sightings to the “IFAH Project”, an acronym 
for I Found A Hedgehog. I created this project in 2013 to raise awareness of Atelerix frontalis 
research in Johannesburg and expanded the research to the whole of southern Africa for my 
current study.  
 
To present the IFAH project to the public, I created a poster, a Facebook page 
(www.facebook.com/ifoundahedgehog), and a wix website (ifoundahedgehog.wix.com/ 
hedgehogs). The poster had a picture of Atelerix frontalis for identification, a distribution 
map, general information about the species, the Facebook page address and directed the 
public to the IFAH website to report sightings (Appendix 1). I sampled each country 
extensively to obtain as many sightings as possible and in order to sample beyond the known 
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species distribution range. My sampling was done via email, where I sent the poster to 
members of public, friends of the Facebook page, city parks, golf courses, botanical gardens, 
nature reserves and environmental agencies throughout South Africa, Lesotho, Swaziland, 
Zimbabwe, Botswana, Namibia and Angola. The current published Atelerix frontalis 
distributions are based on only a few, old museum records, and so there could have been 
many areas where Atelerix frontalis occurrences have not yet been documented. I created an 
email account (ifoundahedgehog@gmail.com) for correspondence with the public, which 
served an important role in allowing people to ask for guidance when finding an Atelerix 
frontalis. I used the Facebook page as a platform for reporting sightings and updated the page 
frequently with new information to keep the public informed about the project. The IFAH 
website provided a more detailed representation of the project. The website contained 
information about the project, general information of Atelerix frontalis, news updates, 
pictures, and a contact page, where members of the public could directly email information 
about their Atelerix frontalis sightings.  
 
I requested that the public report the location (GPS coordinate or the street address) and the 
date when they saw a free-living Atelerix frontalis. When the public reported older sightings 
and the exact date could not be remembered, I requested the decade of the sighting, such as 
1960s. I scrutinised each sighting reported for evidence of species identification (pictures, 
behaviour and body markings of animal seen) and exchanged several emails with the 
individual person to confirm that the animal was an Atelerix frontalis and not an exotic 
species or a pet. Atelerix frontalis can easily be differentiated from common pet species such 
as the African pygmy hedgehog and the Madagascan lesser hedgehog tenrec (Echinops 
telfairi). The African pygmy hedgehog is a domesticated species, which has a white 
underbelly and a dark brown muzzle, whereas Atelerix frontalis have a dark brown 
underbelly and face, with the typical white head band (Skinner and Chimimba 2005; 
Macdonald 2010). Lesser hedgehog tenrecs may resemble hedgehogs but they are not part of 
the same family as other hedgehog species. Tenrecs have little to no fur on their body and 
colour ranges from grey to white (Macdonald 2010). In cases where citizens were keeping 
Atelerix frontalis as pets, I informed them about the legislation and permits required for 
owning Atelerix frontalis and encouraged them to take the hedgehog to their local wildlife 
rehabilitation centre. Such sightings were not included in the final data set because they 
would give a false indication of presence.  
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The largest source of raising public awareness in South Africa for the IFAH project was the 
television programme 50|50, which aired an insert on 31st March 2014 about Atelerix 
frontalis and the IFAH project. 50|50 provided contact details for the project on their 
Facebook page, Twitter and via email, for the public to freely access and report sightings 
(www.youtube.com/watch?v=om4Qpmd8w7I). I also actively engaged with the media, such 
as newspapers, magazines and TV producers, who showed interest in the project. 
Encouraging the media to publicize articles about the project allowed a wider audience to 
report Atelerix frontalis sightings. I placed articles about the IFAH project in South African 
community newspapers and magazines, but I put extra effort into media sources covering the 
greater Johannesburg area. The national publication included Farmers weekly, Go! Southern 
Africa, Grassroots (Grassland society of southern Africa), Landbou Weekblad, Mogale News, 
News 24, Saturday Star, Times Live, Timetech newsletter, Venus crescent moon magazine, 
and WESSA community newsletter. The Gauteng and Johannesburg region publications 
included Constantia Kloof, north residents against crime newsletter, Fourways review, Friend 
of the Faerie Glen nature reserve, the Hartebeestfontein conservancy, the Hazyview Herald, 
the Inagist, Klipriviersberg nature reserve newsletter, the Kormorant, the Midrand Reporter, 
Wits Alumni newsletter, and Wits Vuvuzela. These articles were published from March to 
May 2014 to coincide with the active period of Atelerix frontalis. 
 
To obtain a larger number of Atelerix frontalis occurrence records for the Johannesburg area, 
I contacted FreeMe Rehabilitation Centre in Paulshof (-26.028772 S, 28.041245 E). FreeMe 
Rehabilitation Centre receives many Atelerix frontalis from the public as well as veterinarians 
and SPCA branches. FreeMe Rehabilitation Centre has a database of all Atelerix frontalis that 
have been received by the centre since 2008. Before the database was created, Dr Jill Drake, 
a practicing veterinarian, rehabilitated Atelerix frontalis that were received by FreeMe 
Rehabilitation Centre and kept hardcopies of information for all Atelerix frontalis received. 
The database and hardcopies recorded the contact details of the person who brought the 
Atelerix frontalis to FreeMe Rehabilitation Centre. The suburb where the individual was 
found was recorded, but no precise street address or GPS co-ordinates were included. I 
contacted any person who had brought in an Atelerix frontalis to FreeMe Rehabilitation 
Centre within the last 10 years (2004-2014). In total I contacted 200 people from FreeMe 
Rehabilitation Centre’s database via email, SMS and phone call to request locations (GPS 
coordinates/street address) where the Atelerix frontalis were originally sighted. These 
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communications had a success rate of ±80%, with most people able to remember where they 
saw the individual and provide an accurate location.  
 
Due to time constraints, I only used records reported up to the end of August 2014 for 
analysis. This allowed for 6 months of data collection (March to September 2014) and 
according to a cumulative frequency graph, the asymptote was reached in June. Initially 
numerous records were being reported on a daily basis but by the end of August 2014, few to 
no records were being reported on a weekly to monthly basis. During this period, I collected 
108 Atelerix frontalis occurrence records from local and international museums, 543 records 
from environmental agencies or groups, and 755 records from members of the public (Table 
2.1). MammalMAP (a project developed by the Animal Demography Unit at the University 
of Cape Town www.adu.org.za which aims to collect occurrence records for all African 
mammal species to update distribution maps) and the Endangered Wildlife Trust 
(collaborator of MammalMAP) contributed numerous records to the IFAH project but some 
of these records overlapped with those I collected from museums and other environmental 
agencies. When multiple records were received from one person, company or for the same 
location within a three-year time span, only the most recent record was recorded to avoid 
duplicate sightings of the same animal. According to literature, the life expectancy of Atelerix 
frontalis is only three years. Therefore, if two sightings were reported in the same location 
but three or more years apart, I considered them to be separate individuals (Skinner and 
Chimimba 2005). In total, I collected approximately 1406 independent occurrence records for 
Atelerix frontalis. However, due to some difficulty in acquiring precise locations only 962 of 
these records could be used. I recorded all sightings in an Excel spreadsheet, documenting 
location, date, finder/collector’s name, and type of record (museum, citizen science) for each 
sighting.  
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Table 2.1: The number of Atelerix frontalis presence records received by local and 
international museums, environmental agencies or groups and members of the public. 
 
Locations were converted from degree-minute-second coordinates or street addresses into 
decimal degrees. All Atelerix frontalis records were then imported into ArcGIS 10.1. I 
removed all records within 1 km2 to ensure there was no replication. Replication is an issue in 
occurrence data as it could be the result of duplicate records of the same hedgehogs and 
limiting sightings to the 1 km2 radius reduced possible sampling bias. After this processing, 
there were a total of 320 records available for species distribution modelling. A distance of 1 
km2 was selected based on the home range size of the European hedgehog (Erinaceus 
europaeus), which ranges between 0.2 and 1 km2. Nothing is known about the home range 
Source  
Number of  
Atelerix frontalis  
records 
Local Museums  
Amathole Museum  40 
Ditsong National Museum of Natural History  40 
Durban Natural Science Museum  2 
National Museum of Bloemfontein  12 
University of the Witwatersrand Museum 4 
  
International Museums  
Smithsonian National Museum of Natural History 8 
British Museum 2 
  
Environmental agencies or groups  
Cape Nature  1 
De Beers Group  34 
Gauteng Department of Agriculture and Rural Development  12 
Mpumalanga Tourism and Parks Authority 3 
North West Provincial Government Department of Economic 
Development, Environment, Conservation and Tourism  12 
MammalMAP & the Endangered Wildlife Trust 151 
FreeMe Rehabilitation Centre & Dr Jill Drake 330 
  
Citizen Science – specifically through social media 755 
   
Total number of records received 1406 
  
Total number of records where GPS coordinates could be obtained 962 
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size of Atelerix frontalis, but since they are considerably smaller, they are unlikely to move 
further that Erinaceus europaeus (Rautio et al. 2013).  
The distribution of Atelerix frontalis 
I calculated the distribution of Atelerix frontalis distribution in southern Africa (Figure 2.1) 
by using the 962 reported occurrences.  
 Figure 2.1: Map of southern Africa with countries of interest for the Atelerix frontalis 
occurrence in bold and underlined. 
 
I separated the Atelerix frontalis occurrences by decade (i.e., 1960s, 1970s) and all the decade 
groups were imported into ArcGIS 10.1. Sightings in each decade were mapped in a different 
colour and shape, and plotted for southern Africa. The records collected ranged from 1906 to 
2014, with the majority of sightings since 2000. In ArcGIS, I selected and plotted all the 
unique quarter degree squares (QDS) where an Atelerix frontalis was found for each decade. 
In producing the QDS map, I separated out the historical records from the more recent. I 
grouped the data for 1900-1979, 1980-1999 and 2000-2014. By overlaying the maps for each 
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time period, I could identify whether there were QDSs were Atelerix frontalis had not been 
reported in recent years. Knowledge of the QDSs where Atelerix frontalis were once seen and 
have not been seen again, can provide important information about the species distribution 
patterns, changes in the past and aid in understanding the possible future distribution. 
 
Fewer records were used for plotting the distribution because some of the data were very old 
and may not have been applicable in estimating the current species distribution. However, it 
was also important to ensure that there were sufficient presence data to model the 
distribution. Therefore, once all the presence data were collected, I plotted a cumulative 
graph, starting from present (2014) to oldest record (1906), and marked the decade where the 
graph began to plateau (i.e. the decade when approximately 80% of the total records were 
included). This processing ensured that the largest number of records could be included as 
well as removed the oldest records, which might not have been part of the current 
distribution. Given that the species has a life expectancy of only 3 years, many generations 
could have existed over the 100 year period and may not be representative of the current 
generation (Skinner and Chimimba 2005). Data were split into these categories to account for 
changes in the frequency and distribution of sightings. The accumulative graph showed that 
just over 80% of the occurrence records were obtained between 1980 and 2014 and so only 
data from this period were used for the assessing and modelling of the current distribution. 
This reduced the total number of occurrence records to 267 in southern Africa. Using the 
unique QDS, I plotted a distribution polygon for Atelerix frontalis (1980-2014) using the two-
quarter degree square rule. The two-QDS rule is a drawing method where the plotting of the 
distribution polygon is restricted to distances of two QDS and excludes areas outside of this 
range (Franklin 2009). The two-QDS rule is frequently used for drawing distributions 
because it accounts for some movement or dispersal of individuals from the area of 
occurrence. The two-QDS rule is also at a fine scale, which would eliminate areas where 
occurrence is unlikely. Once the distribution polygon was completed, I converted it into a 
shapefile and recorded the total area (km2). Finally, I also plotted the unique QDS obtained 
from the occurrence records received from museum and citizen science to assess whether 
records received shared similar locality and number of unique QDS across the sampling 
methods. 
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Species distribution modelling 
The BRT, GLM and NN were conducted in R version 3.1.2 (www.r-project.org) based on the 
modelling guide produced by Hijmans and Elith (http://cran.r-project.org/web/packages 
/dismo/vignettes /sdm.pdf) and Maxent was conducted in the Maxent software version 3.3.3, 
designed by Steven Phillips, Miroslav Dubik and Robert E. Schapire  
(https://www.cs.princeton.edu/~schapire/Maxent/).   
 
Data preparation for BRT, GLM and NN 
Some data sorting and preparation was required prior to modelling which was conducted in 
ArcGIS 10.1. Atelerix frontalis occurrence records were imported into ArcGIS 10.1, and 
using the Edit tool, I removed all records that were within 1 km2 of each other. I measured the 
distance between points with the straight-line measure tool and then deleted a point if it was 
closer than 1 km from another point. Numerous sightings were reported in Gauteng Province, 
specifically in Johannesburg and Pretoria. In order to prevent the models from over-
predicting (selecting these areas as having the highest probability of occurrence) in these 
areas, I randomly removed many of occurrence points until each city in Gauteng had 10 
records. However, I also ensured that each soil and vegetation type present in the city was 
represented if a Atelerix frontalis occurrence was located there. Once the replicates and high-
density records were removed, there were 267 occurrence records for southern Africa.  
 
The SDMs used the Atelerix frontalis occurrence records from 1980-2014, the same records 
used for plotting the distribution in ArcGIS. The BRT, GLM and NN require presence and 
pseudo-absence data to model distributions. To obtain the pseudo-absence data, I created a 
polygon in ArcGIS that was at least 60km away from any Atelerix frontalis occurrence record 
collected during the study. This boundary was chosen because it is larger than the two-quarter 
degree grid rule that was used (see above). Due to the very few records obtained in 
Zimbabwe, Botswana and Namibia, I used previously published Atelerix frontalis 
distributions maps (Skinner and Chimimba 2005; Hutterer 2008) to guide the creation of 
pseudo absence polygons in these regions. I created the same number of pseudo-absence 
points as presence points and randomly created these points using the “Create Random 
Points” tool in ArcGIS. Each pseudo-absence point was attributed GPS coordinates using the 
“add XY coordinates” tool. Then, all the points were exported from ArcGIS as a csv file.  
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Both the presence and pseudo-absence data were copied into a combined occurrence data 
sheet that specified the latitude, longitude, and whether the point indicated presence or 
pseudo-absence. For the response variable in the SDMs, all presence points were attributed as 
“1” and all pseudo-absence points received a “0”. The data sheet was then randomly shuffled 
by row (ensuring the correct response variable remained with the correct XY coordinates) 
and then split into a training data set, containing 70% of the occurrence data, and a validation 
data set, containing the remaining 30% of the occurrence data. The training and validation 
data sheets were then saved as individual csv files for importing into R.  
 
Predictor Variables 
Along with occurrence data, several environmental/predictor variables were selected for 
modelling. SDMs typically use climatic data for modelling relationships, available from 
WorldClim (www.worldclim.org) at several resolutions. Worldclim has 19 standard 
bioclimatic (BIOCLIM) variables available for download (www.worldclim.org/bioclim) but 
it is not necessary to model with all 19 variables, only those that are likely to impact the 
species. Since so little is known about the study species, it was difficult to select 
environmental variables that would ensure accurate model prediction. To aid in selection of 
the continuous variables, I ran a Pearson correlation test for all 19 bioclimatic variables and 
altitude available from Worldclim (www.worldclim.org) (Table 2.2).  
 
In ArcGIS 10.1, I created 250 evenly distributed points in the southern African region and 
extracted the climatic variables for each point. The Pearson’s correlation test was used to 
compare the relationship between all of the bioclimatic features in a pairwise fashion. 
Through a process of elimination, seven bioclimatic features were chosen that all had less 
than a 0.7 correlation value with each other (Appendix 2). In the analysis, the following 
continuous environmental predictor variables were used in the SDMs: isothermality (BIO3 – 
bioclimatic variable number 3), mean temperature of the wettest quarter (BIO8), mean 
temperature of the driest quarter (BIO9), mean temperature of the warmest quarter (BIO10), 
annual precipitation (BIO12), precipitation of the driest month (BIO14), and precipitation 
seasonality (BIO15) from the current bioclimatic data available from WorldClim at a 2.5 
minute resolution. Categorical variables were not used in the SDMs because they do not 
allow for correlation or similarity between categories and have stepped changes in 
occurrence, even when they are similar (e.g. two grassland types; Stockwell 2007).  Due to 
the lack of information available for the physiology of Atelerix frontalis, several variables 
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that were unrelated to each other were used to account for the possible influences on species 
occurrence. 
 
Table 2.2: List of the variables used in the Pearson’s correlation test, showing the commonly 
used code and full name of the variable. 
 
 
Modelling the future distribution of the species required the same seven bioclimatic variables 
used for the current distribution modelling. The future bioclimatic data were obtained from 
WorldClim, at a 2.5 minute resolution (www.worldclim.org). I modelled the future 
distribution for both 2050 and 2070, and selected the best (+2.6 Watts/m2) and the worst 
(+8.5 Watts/m2) representative concentration pathways (RCPs) for each time period from the 
HadGEM2-ES global climate model. Four RCPs are available to model possible future 
greenhouse gas scenarios and each representative concentration pathway is named after its 
radiative forcing values. These radiative forcing values are estimated relative to 2100 and are 
a measure of the change in sunlight that the earth absorbs and radiates into space. Modelling 
Variable code Variable name 
 
BIO1 Annual mean temperature 
BIO2 Mean diurnal range 
BIO3 Isothermality 
BIO4 Temperature seasonality 
BIO5 Maximum temperature of the warmest month 
BIO6 Minimum temperature of the coldest month 
BIO7 Temperature annual range 
BIO8 Mean temperature of the wettest quarter 
BIO9 Mean temperature of the driest quarter 
BIO10 Mean temperature of the warmest quarter 
BIO11 Mean temperature of the coldest quarter 
BIO12 Annual precipitation 
BIO13 Precipitation of the wettest month 
BIO14 Precipitation of the driest month 
BIO15 Precipitation seasonality 
BIO16 Precipitation of the wettest quarter 
BIO17 Precipitation of the driest quarter 
BIO18 Precipitation of the warmest quarter 
BIO19 Precipitation of the coldest quarter 
ALT Altitude 
  
Masters Dissertation                                                                                              Jessica Light 
 
 
27
the best and worst outcome RCPs for each time period enabled me to estimate the range of 
effects the future climate could have on the species.  
 
The predictor variables (across all the time periods and scenarios) were imported into ArcGIS 
to edit the map extent. Every map was converted into a raster file and the extent was set at -
15.0 to -35.0 S (latitude) and 11.0 to 34.0 E (longitude) within the advanced parameter 
settings. The extent was set to these coordinates in order to include the entire geographic area 
of Botswana, Lesotho, Swaziland, South Africa, and Zimbabwe. The raster files were 
exported from ArcGIS and prepared for R. 
 
SDM programming for BRT, GLM and NN 
This sub-section describes the basic procedure followed in R for the BRT, GLM and NN. The 
packages required for the SDMs included: dismo, gbm, ggplot2, glm, gplots, grid, mapdata, 
maps, maptools, MASS, neural net, NeuralNetTools, raster, rasterVis, rgdal, rJava, 
SDMTools, sp, and spatial, available from “cran.r-project.org/web/packages”. All packages 
were installed and loaded through R studio prior to modelling.  
 
I began by importing the training data set (70% of occurrence data) into the R console, along 
with each of the current predictor variable raster files. R was then instructed to extract the 
values of each of the predictor variables for the training data set. These data were then used to 
train the model (BRT, GLM, or NN). The model was given the values for predictor variables 
and the occurrence of the species (absence = 0 or presence = 1) in order to learn how to solve 
for presence or absence based on the environmental variables (Figure 2.2). The model was 
then evaluated for training performance based on correct prediction of familiar data points.  
 
During the training phase, I tested a combination of parameters to determine which parameter 
conditions resulted in the greatest accuracy in correctly predicting the responses in the 
training data set. I tested the effect of each parameter by varying one of parameter’s values 
and keeping all of the other parameters constant at a default value. I incrementally changed 
the value of each parameter, for example by 1 if the parameter was a whole number or 0.1 if 
the parameter was a decimal, and then I evaluated the models ability to correctly predict the 
responses of the test data set. Once I determined the optimal values of each parameter, I 
programmed these values into the model and evaluated the overall performance. I adjusted 
each of the variables again to determine if the new values changed model performance.  
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Figure 2.2: Flow chart of species distribution modelling process, including the training phase, the validation phase and the prediction phase. 
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The parameters were adjusted until the most accurate model was found according to the Area 
Under Curve (AUC) value. If the BRT or NN model performed well and predicted accurately 
for points used in training, the model moved into the validation phase (Figure 2.2). 
 
The BRT had several variables that could be manipulated during the training phase. Through 
testing multiple combinations, I found that a tree complexity of 5, learning rate of 0.0005 and 
a bag function of 0.5, resulted in the most accurate model based on the AUC. BRT 
mathematical models resemble trees, where branches represent different decisions and leaves 
represent the final outcome. In a BRT tree, complexity is a function that decides on the 
number of branches, the learning rate is the speed at which the equation stores mathematical 
relationships and the bag function is the contribution assigned to initial poor fitting decision 
trees (Elith et al. 2008; Elith and Leathwick 2009). BRTs modelling follows the approach of 
making numerous trees one at a time where each tree corrects for the failures of the last. All 
the parameters are similar to standard or default values for SDMs (Elith et al. 2008; Elith and 
Leathwick 2009). Few parameters could be adjusted for the GLM, although specifying that 
the model is in the binomial family and that the link function should be logistic (‘logit’) 
resulted in the best fit of the data. The neural network was configured with three layers: one 
input, one hidden (containing eight neurons) and one output layer (Figure 2.3). The threshold 
value was set at 0.2, number of repetitions was 20 and the training algorithm used was 
reverse propagation (‘rprop-‘). These parameter settings resulted in the lowest training errors 
and conformed to standard neural network parameters for SDMs (Manel et al. 1999; Pearson 
2007). 
 
Equation for Neural Network in R 
NN = neuralnet (“probability of occurrence” ~ bio3 + bio8 + bio9 + bio10 + bio12 + bio14 
+ bio15, data = data, hidden = c(8), threshold = 0.2, rep = 20, algorithm = ”rprop-“”, 
linear.output = FALSE, likelihood = TRUE)  
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Figure 2.3: Configuration of the neural network programmed in R. I 1-7 refers to the inputs 
which were the seven bioclimatic predictor variables, H 1-8 is the 8 hidden neurons, B1 & B2 
are bias values and O1 is the single output value. 
 
The validation phase used the remaining 30% of the occurrence data to evaluate model 
performance on unfamiliar data points where the response is known. The validation data set 
was imported into R and the points intersected with the predictor variables. The validation 
bioclimatic values where used as an input for the model to estimate the probability of 
occurrence. The model’s estimated probabilities of occurrence were then compared against 
the known response value for each data point. Predictions were considered to be incorrect 
when the estimated and actual response value differed by more than 0.5. This means that if 
the actual response value was 1, only if the model’s estimated probability of occurrence was 
lower than 0.5 would it have been considered incorrect, and the same principle was applied 
for absence responses (Manel et al. 1999). If an incorrect prediction was made, it was given a 
score of 1, while a correct score was given a 0. The number of incorrect predictions was then 
tallied and calculated as a percentage of the total number of records. If the model performed 
with an accuracy of less than 80%, the model was rejected and the training phase was 
repeated (Figure 2.2). However, if the model’s accuracy was > 80% or if the model had been 
adjusted to its optimal performance, the model continued to the prediction phase. An AUC 
analysis was also conducted in this phase in relation to the models estimated probability and 
the actual response. 
present/absent 
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The prediction phase primarily involved modelling the species distribution. The trained and 
validated models were then used to estimate the probability of occurrence at a 2.5-minute 
resolution (using the predictor variable raster maps) for Atelerix frontalis. Once the prediction 
was complete, a map of southern Africa was produced displaying a likely distribution (Figure 
2.2). The same process was conducted for the 2050 and 2070 climate scenarios (best and 
worst). For each scenario, bioclimatic variable raster maps were imported into R and entered 
into the model for prediction (Figure 2.2). 
 
Once the models had predicted the distribution maps, sensitivity analysis was conducted to 
better understand the relative importance of each predictor variable (independently) on the 
probability of Atelerix frontalis occurrence. To perform the sensitivity analysis, the model 
was presented with predictor variable data where all the variables were set to their mean 
values. Then each variable was independently varied in the range of ± 1 standard deviation 
(SD) and the change (absolute value) in probability recorded. Relative importance of each 
predictor variable was then calculated by dividing the observed change in probability (for a 
particular variable from -1SD to +1SD) by the summed (absolute value) change in probability 
for all the variables. Comparing the slope of these gradients is another method of interpreting 
relative importance of predictor variables, as predictor variables that are of greater 
importance will tend to have the steeper slope. I chose to use this technique to evaluate the 
importance of each variable to have a consistent method of analysis across the four models I 
used.  
 
Maxent modelling 
The Maxent SDM was conducted in version 3.3.3k of the Maxent software. The Maxent 
software used the same extent and bioclimatic features as the other SDMs, but required the 
files to be in an ASCII format. The rasters were converted to ASCIIs within ArcGIS 10.1 and 
then imported into Maxent. Unlike the other SDMs Maxent only requires presence records 
and the data were not separated into training and validation sets. The Maxent model was 
trained using cross validation, which involves randomly dividing the data into groups, and 
uses each group to independently train and test the model. The Maxent model was set to run 
with a random seed (randomly divides data and point where training begins), 10 replicates 
and 5000 iterations. Minimum training presence was selected as the above threshold rule. A 
bias file was created to improve model prediction and lower the effect of over sampled areas. 
All other settings were left as default (Phillips et al. 2006; Phillips and Dudik, 2008). The 
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bias file was created in ArcGIS 10.1 using editing and drawing tools. Since my sampling took 
place over southern Africa, the bias file included the entire area of each country (Figure 2.4).  
 
The bias file was used to reduce the weighting of more intensively sampled areas, such as 
Johannesburg and Gauteng. Circle polygons were drawn over Gauteng, Johannesburg, 
Lesotho and Swaziland, using the drawing tool. I drew each circle from the centre of each 
area (country or city) and enlarged the circle until the administrative boundaries were within 
the circle circumference. These circles were then used to increase the bias in these areas due 
to a high number of sightings. Values where attributed to each of these shapes based on the 
contact I was able to make with public and the museums in the country, where higher values 
equated to a higher sampling bias. Maxent then ran and predicted the current and future 
distribution (according to the 2.6 and 8.5 RCP climate scenarios for 2050 and 2070) of the 
study species. Finally, a multivariate environmental similarity surfaces (MESS) analysis was 
conducted using Maxent. The MESS analysis identifies areas that have one or more 
environmental variables outside of the training range (variables where areas of future 
prediction are limited and therefore need to be treated with strict caution when making 
predictions) and identifies the variable that was most dissimilar (furthest outside its training 
range) across the different time scenarios. 
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Figure 2.4: Maxent bias file of southern Africa. Angola, Namibia, Botswana, Zambia, 
Zimbabwe, Mozambique, Lesotho and Swaziland have a value of 1. South Africa has a value 
of 3, Gauteng (South Africa) a value of 5, and Johannesburg (South Africa) a value of 7. 
 
 
Results 
The distribution of Atelerix frontalis 
During the study, 962 Atelerix frontalis sightings (with GPS coordinates) were obtained 
throughout the southern African region and 267 were used for the SDMs (Figure 2.5). The 
majority of the occurrence records were within South Africa and a large cluster of sightings 
were received for Johannesburg. The majority of the sightings were within the last 30 to 40 
years, with less than 20% of the occurrence records dated as before the 1980s. 
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Figure 2.5: The 962 Atelerix frontalis occurrence records obtained during the study, colour 
coded by the decade of the sighting; the most recent records overlie the older records. 
 
In South Africa, sightings were predominately obtained within inland regions, with 
occurrences ranging from the Eastern Cape northward towards the Free State and North West 
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provinces, and extending north eastward into Mpumalanga and Limpopo (Figure 2.5). No 
sightings were obtained within Lesotho but two records were obtained close to Lesotho’s 
northern border (Figure 2.5).  
 
Three sightings were from the north-western edge of Swaziland’s border but no sightings 
were obtained directly from within this country. In Zimbabwe, several Atelerix frontalis 
sightings were obtained within the western region of the country and the majority of those 
sightings were in the city of Bulawayo (Figure 2.5). Several sightings were recorded within 
Botswana but these were sparsely distributed and mainly within the eastern region of the 
country. Very few occurrence records were obtained from within Namibia, all of which were 
within the central interior of the country (Figure 2.5). No sightings were received for Angola, 
despite published distribution maps indicating the species presence in the country (Skinner 
and Chimimba 2005). 
 
Once mapped in ArcGIS, the Atelerix frontalis occurrence records (1900-2014) corresponded 
to 255 unique quarter degree squares (Figure 2.6). Sixty-one of the QDS were recorded from 
1900-1979, 32 QDS from 1980-1999 and 128 QDS to 2000-2014, while the remaining 34 
were recorded more than once from 1900-2014 (Figure 2.6). Due to insufficient historical 
occurrence records prior to 1980 for the Atelerix frontalis, I could not model the past 
distribution and historical data (pre 1980) are not provided here. According to IUCN, 
previous Atelerix frontalis occurrence records only accounted for 41 unique QDS in South 
Africa, and in the IFAH project, 223 unique QDS have been documented within the country 
(Figure 2.6). 
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 Figure 2.6: Map of southern Africa and the quarter degree squares with Atelerix frontalis 
sightings.  
 
The unique quarter degree squares from 1980-2014 were used to plot a distribution using the two 
quarter degree role. This map accounts for the movement of Atelerix frontalis from one area to 
another and operates on the assumption that if two individuals  were located within two quarter 
degrees of each other, that it is possible for individuals to move between these areas, or that it is 
likely that another unreported Atelerix frontalis might occur in that area. The Atelerix frontalis 
distribution map could only be mapped for the South Africa region, since the other quarter degree 
squares were either too far apart to connect within the polygon, or would only connect two or 
three points (Figure 2.7). The distribution mapped had an area of ±384 684 km2 and divided the 
South African range into two populations (Figure 2.7).  
1900-1979 
1980-1999 
2000-2014 
Legend 
Masters Dissertation                                                                                              Jessica Light 
 
 
37
 
Figure 2.7: Distribution map of the Atelerix frontalis for sightings from 1980-2014. 
 
The total number of records collected through museums was 103, while the public provided 888 
occurrence records of Atelerix frontalis (Appendix 3). When these occurrences were assessed 
separately as the number of unique quarter degree squares, museums contributed 65 QDS and 
citizen science contributed 217 QDS (Figure 2.8). Many of the citizen science sightings were in 
close proximity and therefore were in the same quarter degree square. Citizen science provided 
the most number of unique quarter degree squares, with 22 QDS shared by both citizen science 
and the museum records (Figure 2.8). 
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Figure 2.8: Maps of southern Africa with the unique quarter degree squares generated by Atelerix 
frontalis occurrence records through a) museums and b) through citizen science. 
 
 
Species Distribution Models 
All the species distribution models performed well, with all AUC estimates above 0.8 (Table 2.3). 
The BRT had the highest AUC estimate at 0.99, followed by the NN, GLM and Maxent. A similar 
pattern was found when the models were compared for predictive performance after training. The 
actual values of the Atelerix frontalis occurrence data were set as 1 for presence, and 0 for 
absence/pseudo-absence. If a given model predicted a probability of occurrence that was different 
by a value of greater than a half of the actual value, the model was considered to have made an 
incorrect prediction. Due to the Maxent model being trained with cross validation, it could not be 
assessed for performance in this manner. However, the AUC provided was based on the model’s 
performance during training and was used to compare Maxent with the other SDMs. The BRT 
species distribution model was once again found to perform the best by only predicting 2% of the 
data incorrectly, whereas the GLM had incorrect predictions for 16.3% of the data (Table 2.3).  
 
 
 
a) b) 
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Table 2.3: Evaluation of model performance according to AUC (area under curve) and sum of 
incorrect predictions when tested with a set of the remaining 30% of distribution data. An 
incorrect prediction was identified when the predicted probability had more than a 0.5 difference 
to the known value. BRT = Boosted regression tree model, GLM = generalised linear mode, 
Maxent = maximum entropy model, NN = neural network model. 
 
 
 
 The contribution of each of the bioclimatic features was estimated by all the models and is 
a direct indication of which variables were central to model prediction. The BRT determined that 
mean temperature of the driest quarter and precipitation seasonality had the greatest contributions. 
The former having nearly twice the contribution of the latter, and leaving all other variables with 
< 20% combined contribution to the model (Figure 2.9). The GLM estimated similar contributions 
(between 13-18% each) for all the bioclimatic values, except isothermality and mean temperature 
of the wettest quarter which scored less than 10% (Figure 2.9). However, when evaluating the 
GLM model, I found that mean temperature in the driest quarter, annual precipitation and 
precipitation of the driest month were the only bioclimatic variables that had a significant 
contribution in fitting the GLM model (Figure 2.9). The two bioclimatic variables, mean 
temperature of the wettest quarter and annual precipitation in the driest month, had greatest 
contribution to the Maxent model (>25%) (Figure 2.9). According to the Maxent jack-knife 
analysis, mean temperature of the driest quarter resulted in the greatest AUC when used as the 
only predictor variable, followed by precipitation seasonality and precipitation of the driest month 
(Appendix 4). Three variables had the greatest contribution to the NN model (>29%): mean 
temperature of the driest quarter, annual precipitation and precipitation seasonality (Figure 2.9). 
The remaining four bioclimatic variables all had contributions < 0.1% (Figure 2.9). The 
bioclimatic feature with the greatest average contribution in all the models was mean temperature 
  BRT GLM Maxent NN 
     
AUC 0.99 0.92 0.89 0.97 
Sum of incorrect predictions  
(Incorrect out of 147) 
3 24 - 8 
Percentage incorrect (%) 2 16.3 - 5.5 
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of the driest quarter, followed by annual precipitation and precipitation seasonality (Figure 2.9).  
Precipitation seasonality had similar contributions in the BRT and NN models (30% and 27 % re), 
while Maxent and GLM had similar contributions from mean temperature of the driest quarter 
(15% and 20% respectively) (Figure 2.9). 
 
Figure 2.9: Contribution of each bioclimatic feature to the boosted regression tree model (BRT), 
generalised linear model (GLM), maximum entropy model (Maxent) and the neural network 
model (NN). 
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The sensitivity analysis for the models not only demonstrates the relationship of each bioclimatic 
variable to its model (based on the steepness of the slope around the mean of each variable) but 
also predicts changes in probability of occurrence for single variable deviations from the mean 
(Figure 2.10). Isothermality and mean temperature of the warmest quarter had the smallest effect 
on the predicted probability of occurrence across all the models (Figure 2.10). Mean temperature 
in the wettest quarter had a minimal effect on all the models except Maxent. In Maxent, mean 
temperature in the wettest quarter had the highest contribution of all the variables and according 
to the sensitivity analysis, probability of occurrence greatly decreased as temperature in the 
wettest quarter increased (Figure 2.10). Precipitation of the driest month remained fairly constant 
around the mean for the BRT and the NN. However, the GLM predicted a decline in probability 
of occurrence as the amount of precipitation increased, and the Maxent model predicted lower 
probability of occurrence on either side of the mean (Figure 2.10). Annual precipitation was found 
to affect all the models in the same manner: as rainfall increased so did the probability of 
occurrence (Figure 2.10). All the models displayed a similar response to changes in the mean 
temperature of the driest quarter variable. When the temperature increased beyond the mean, the 
probability of occurrence rapidly decreased (Figure 2.10). 
 
Precipitation seasonality showed varied results across the models, with the BRT indicating an 
increase in probability closer to and away from the mean. The GLM predicted a decrease in 
probability of occurrence near and greater than the mean. However, the Maxent and NN models 
predicted a high probability of occurrence at the mean with declines in probability when the 
values was less than or greater than the mean (Figure 2.10). Annual precipitation affected all 
models in the same manner: as rainfall increased, so did the probability of occurrence (Figure 
2.10). All models displayed a similar response to changes in the mean temperature of the driest 
quarter variable: when the temperature increased beyond the mean, the probability of occurrence 
rapidly decreased (Figure 2.10). 
 
 
 
 
 
 
 
 
Masters Dissertation                                                                                              Jessica Light 
 
 
42
 
 
Figure 2.10: Model sensitivity analysis, changes in predicted probability of presence based on 
variations of n number of standard deviation/s (σ²) around the mean (0) for each bioclimatic 
feature. Analysis from -2 to +2 standard deviations for a) the boosted regression tree model, b) the 
generalized linear model, c) the maximum entropy model (Maxent), and the neural network model 
(NN). 
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The current distribution (1980 - August 2014) of Atelerix frontalis was predicted by each of the 
models to estimate their potential distribution range in southern Africa (Figure 2.11). The GLM 
predicted the largest range of occurrence, predicting a larger westward and northward range than 
the other models, and was the only model to predict a high probability of occurrence along 
southern Angola and northern Botswana (Figure 2.11). The BRT, GLM and Maxent models 
produced maps with smooth grading between probabilities of occurrence, but the NN was more 
discrete with almost no predictions within the 0.4 to 0.6 range (Figure 2.11). 
 
Figure 2.11: Predicted current distribution of the Atelerix frontalis in southern Africa. Four distributions 
are predicted from the different models a) boosted regression tree model (BRT), b) generalised linear 
model (GLM), c) maximum entropy model (Maxent) and d) neural network model (NN). Scale bar 
represents probability of Atelerix frontalis presence, for the BRT, GLM and NN models, green = higher 
probability of presence and for Maxent model, red = higher probability of presence. 
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All the models predicted a high probability of occurrence for Atelerix frontalis within South 
Africa, mainly along the eastern and central interior of the country (Figure 2.11). The predicted 
areas of occurrence for Zimbabwe varied between models. The BRT predicted high probability of 
occurrence along the south-western edge of Zimbabwe, while the GLM predicted occurrence on 
the north-eastern edge (Figure 2.11). Maxent predicted an equal probability of occurrence through 
the central region of Zimbabwe, but the NN predicted only small areas of occurrence that were 
patchily distributed (Figure 2.11).  
 
Botswana was predicted to have a low probability of occurrence over majority of the country with 
only some high probability of occurrence along its borders with South Africa (Figure 2.11). A low 
probability of occurrence was predicted for Namibia, but all the models identified a small area in 
central Namibia around Windhoek with a high probability (between 0.6 – 1) of occurrence (Figure 
2.11). The models predicted a disjunct distribution for South Africa, Zimbabwe and Namibia. 
None of the models predicted connections between these ranges as probabilities of occurrence 
were not greater than chance (0.5) between areas of high probability of occurrence (Figure 2.11). 
 
Future predictions 
The models were used to predict four different future scenarios: the ‘best’ outcome for 2050 (RCP 
26), ‘worst’ outcome for 2050 (RCP 85), ‘best’ outcome for 2070 (RCP 26) and ‘worst’ outcome 
for 2070 (RCP 85) (Figure 2.12, 2.13, 2.14 & 2.15). Two RCPs were chosen for each year to 
predict for a range of possible outcomes. For the 2050 ‘best’ outcome scenario, all the models 
predicted a decline in the total area of occurrence. Areas in Zimbabwe, Botswana and Namibia 
currently predicted to have a high probability of occurrence are projected to diminish almost 
entirely by 2050 (Figure 2.12). The South African distribution was also predicted to decrease in 
area, with all the models projecting a south-easterly retraction in the range (Figure 2.12). 
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Figure 2.12: Predicted 2050 distribution (best outcome) of Atelerix frontalis in southern Africa, 
according to the RCP26 HadGEM2-ES global climate model. Four predicted distributions are shown 
using a) boosted regression tree model (BRT), b) generalised linear model (GLM), c) maximum entropy 
model (Maxent) and d) neural network model (NN). Scale bar represents probability of Atelerix frontalis 
presence, for the BRT, GLM and NN models green = higher probability of presence and for Maxent 
model red = higher probability of presence. 
 
 
The predicted range of occurrence for the 2050 ‘worst’ outcome scenario sugested a further 
decline in total area of occurrence compared to the present and 2050 ‘best’ outcome scenario 
(Figure 2.13). None of the models identified areas in Zimbabwe, Botswana or Namibia with a 
high probability of occurrence and the predicted range was limited to South Africa (Figure 2.13). 
The South African distribution for 2050 ‘worst’ outcome was predicted to retract into the interior 
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of the country, mainly extending along the Drakensberg mountain range and the Highveld (Figure 
2.13). 
 
Figure 2.13: Predicted 2050 distribution (worst outcome) of Atelerix frontalis in southern Africa, 
according to the RCP85 HadGEM2-ES global climate model. Four predicted distributions are shown 
using a) boosted regression tree model (BRT), b) generalised linear model (GLM), c) maximum entropy 
model (Maxent) and d) neural network model (NN). Scale bar represents probability of Atelerix frontalis 
presence, for the BRT, GLM and NN models green = higher probability of presence and for Maxent 
model red = higher probability of presence. 
 
The model predictions for 2050 ‘worst’ outcome and 2070 ‘best’ outcome share similar range 
predictions for the Atelerix frontalis (Figure 2.14). The South African distribution was again 
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Drakensberg mountain range (Figure 2.1; Figure 2.14). However, in the 2070 scenario, the BRT, 
GLM and Maxent models predicted small areas of occurrence in Zimbabwe, but none of the 
models predicted areas of occurrence in Botswana and Namibia (Figure 2.14). 
 
Figure 2.14: Predicted 2070 distribution (best outcome) of Atelerix frontalis in southern Africa, 
according to the RCP26 HadGEM2-ES global climate model. Four predicted distributions are shown 
using a) boosted regression tree model (BRT), b) generalised linear model (GLM), c) maximum entropy 
model (Maxent) and d) neural network model (NN). Scale bar represents probability of Atelerix frontalis 
presence, for the BRT, GLM and NN models green = higher probability of presence and for Maxent 
model red = higher probability of presence. 
 
For the 2070 ‘worst’ outcome, all models projected a greatly retracted range in comparison to the 
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Zimbabwe, Botswana or Namibia and the range is expected to be limited to South Africa (Figure 
2.15). The predicted 2070 distribution in South Africa is expected to extend predominately along 
the Drakensberg mountain range on the eastern interior of the country (Figure 2.15). All future 
climate scenarios predicted a decline in areas of high probability of occurrence and limited the 
distribution to higher altitude areas of southern Africa (Figure 2.12, 2.13, 2.14, & 2.15). 
 
 
Figure 2.15: Predicted 2070 distribution (worst outcome) of Atelerix frontalis in southern Africa, 
according to the RCP85 HadGEM2-ES global climate model. Four predicted distributions are shown 
using a) boosted regression tree model (BRT), b) generalised linear model (GLM), c) maximum 
entropy model (Maxent) and d) neural network model (NN). Scale bar represents probability of 
Atelerix frontalis presence, for the BRT, GLM and NN models green = higher probability of presence 
and for Maxent model red = higher probability of presence. 
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MESS Analysis 
Maxent conducted a multivariate environmental similarity surfaces (MESS) analysis which had 
two components, the first predicted areas that have one or more environmental variables outside 
of the training range and therefore areas that needed to be treated with strict caution when making 
predictions (Figure 2.16). Few areas were predicted to be outside of the training range for the best 
outcome for 2050 and 2070 but substantially larger areas were predicted for the worst outcome for 
2050 and 2070, including northern and south-eastern Namibia, the majority of Botswana, and a 
large portion of central and western South Africa (Figure 2.16). These areas greatly overlapped 
the study area and possibly could have skewed the future predictions of the worst outcomes 
toward the areas within the training range.  
 
The second component of the MESS analysis identified the variable that was most dissimilar 
(furthest outside its training range) across the different time scenarios (Figure 2.17). All four 
scenarios identified mean temperature in the wettest quarter (bio8, dark orange) as the variable 
with the largest area of dissimilarity that was mainly in the regions connecting South Africa, 
Namibia and Botswana (Figure 2.17). Precipitation seasonality (bio15, yellow) was also highly 
dissimilar in large areas for both worst outcome scenarios, predominately along the northern edge 
of Zimbabwe, Botswana and Namibia (Figure 2.17). Precipitation seasonality was estimated to 
have little contribution, permutation importance and effect on AUC (where excluded) in the 
Maxent model (Figure 2.9). However mean temperature in the wettest quarter was the most 
important variable for the Maxent prediction which needs to be considered when reviewing the 
map predictions (Figure 2.17) Lastly, isothermality (bio 3, blue) and mean temperature in the 
driest quarter (bio9, purple) were both dissimilar along the western parts of Namibia and South 
Africa (Figure 2.17).  
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Figure 2.16: Southern Africa multivariate environmental similarity surfaces (MESS) analysis 
predictions for the distribution of Atelerix frontalis. a) ‘Best’ outcome for 2050, b) ‘worst’ outcome 
for 2050, c) ‘best’ outcome for 2070, d) ‘worst’ outcome for 2070, areas with one or more 
environmental variables outside the current training range (red in colour). 
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Figure 2.17: Southern Africa multivariate environmental similarity surfaces (MESS) analysis 
predictions for the distribution of Atelerix frontalis. 1) ‘Best’ outcome for 2050, 2) ‘worst’ outcome 
for 2050, 3) ‘best’ outcome for 2070, 4) ‘worst’ outcome for 2070, most dissimilar variable.   
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Discussion 
Data collection of Atelerix frontalis occurrence 
The IFAH project generated 1406 occurrence records for the Atelerix frontalis. Previously, 
one hundred records were available for the species, many of them older than the 1980s and 
therefore not useful for current species distribution modelling. My study has generated 
numerous current distribution records for the species, which could act as a platform for future 
Atelerix frontalis research. I successfully contacted the majority of the city parks, golf 
courses, botanical gardens, nature reserves and environmental agencies within South Africa, 
but communication was less effective within Zimbabwe, Botswana, Namibia, Angola, 
Lesotho and Swaziland due to lack of internet related advertising and websites in these 
countries. Citizen science was a better contributor than museums, with more recent and a 
greater number of records. Consistent with other research, citizen science was an effective 
method for collecting distribution data (Dickinson et al. 2010; Devictor et al. 2010), as it 
enabled me to rapidly sample a large geographic area with minimal cost. However, the 
museum records should not be disregarded, as they provided an important foundation for the 
Atelerix frontalis distribution and a reliable source of accurate data, especially for such a 
rarely sighted species (Dickinson et al. 2010; Devictor et al. 2010). Since a small number of 
unique quarter degree squares were shared between museum and citizen science records, the 
combination of the two methods of collection provided the most extensive results for the 
Atelerix frontalis to date.  
 
Based on the method of data collection, the IFAH project targeted English speaking, and 
computer literate individuals with access to technology. This skewed my sampling efforts to 
developed urban areas and therefore is an important consideration when assessing the 
probability of the species occurrence in non-urban areas. Conducting research where only 
positive records of occurrence are collected is another consideration. While I can be assured 
of the presence of the species through a sighting, proving the absence of the species is 
challenging since there is always the possibility that the species has gone unseen (Elith and 
Leathwick 2009). The influence of spatial and temporal autocorrelation could have affected 
the modelled outcome. While I selected fine scale climate data to reduce spatial 
autocorrelation, these maps represent average conditions and cannot account for the diversity 
of microclimates within a landscape. The climate data used were also representative of 50 
years of average climatic conditions and therefore modelling efforts do not account for 
variations that may facilitate occurrence (Elith and Leathwick 2009). The final consideration 
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with the occurrence data collected is that the public were only requested to give details of 
their most recent sightings, which could have affected the date specified for the occurrence. 
Older sightings may not have been recorded simply because only the newest sighting was 
recorded and so analysis of past versus present occurrence would be invalid.  
 
 
The distribution of Atelerix frontalis 
Atelerix frontalis occurred across a large geographic range within southern Africa but most of 
the sightings collected were specifically within South Africa. Previously published maps of 
the Atelerix frontalis distribution characterised the species range in much the same regions as 
my data collection (Skinner and Chimimba 2005). However, due to my extensive outreach, I 
received occurrence records throughout the Mpumalanga Province of South Africa 
(extending from central South Africa to the western edge of Swaziland), where there were no 
previous records of the species in this area (Skinner and Chimimba 2005). While extensive 
sampling needs to be conducted in Lesotho, Swaziland, Zimbabwe, Botswana, Namibia and 
Angola, these areas are not as urbanized as South Africa and therefore the methods I used to 
gain sightings data may not be appropriate in these countries. A more comprehensive 
sampling of additional southern African countries would give a more detailed insight into the 
full distribution of the Atelerix frontalis.  
 
This project has greatly added to the overall understanding of the distribution of the Atelerix 
frontalis. Results presented here provide both up to date records for the species as well as 
confirmation of occurrence in five times the previously available unique quarter degree 
squares. The distribution plotted using the two-quarter degree square analysis showed two 
disjunct populations but it cannot be concluded that there is no movement between the 
populations (Franklin 2009). The disjunct populations may be due to a lack of sampling in the 
Free State or due to the lack of development in these areas. Due to the method of data 
collection (citizen science), it is possible that rural areas would be under-sampled and 
undeveloped areas were overlooked (Dickinson et al. 2010; Devictor et al. 2010). The unique 
quarter degree squares identified were related to the urban areas, which occur within the 
Atelerix frontalis distribution. Nonetheless, Atelerix frontalis had high occurrence in urban 
areas, an indication that the species may be supported in these environments. 
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Atelerix frontalis are well known in urban environments (Hutterer 2008) and while sightings 
of Atelerix frontalis have reportedly declined in older developed areas, sightings were 
frequent in areas bordering undeveloped land and in more recently developed suburbs 
(Artingstall 2013). European hedgehogs (Erinaceus europaeus) have been recorded to occur 
in higher abundance in urban areas rather than rural areas, due to greater food availability (i.e. 
pet food) and a decline in the number of natural predators (Micol et al. 1994; Hof 2009). 
Closely related species are likely to share some traits based on the most recent common 
ancestor, which extends from phenotypic to genotypic traits (Williams and Ebach 2008). 
Therefore, until better information is available, it is within reason to assume that patterns 
documented for Erinaceus europaeus may be similar in the Atelerix frontalis (Williams and 
Ebach 2008). However, human predation and use of the Atelerix frontalis must be 
investigated in our urban environments, since these may alter some of the species behaviour 
to avoid human contact (Smithers 1983; Skinner and Chimimba 2005).  
 
Few records were available historically (prior to 1980) and so it is difficult to establish 
whether there have been any changes in the distribution of Atelerix frontalis. Given the well-
documented rapid increase in anthropogenic development (Dickman and Doncaster 1987; 
Robinson et al. 1992; Dorman 2007) and the numerous reports of fewer sightings in several 
areas, it is probable that there has been a decline in the distribution. However, Atelerix 
frontalis occupy a large geographic range and numerous sightings were reported during the 
project, which are a sign of species current stability. Large geographic ranges decreases the 
species risk of extinction through reduced edge effects from environmental change and 
availability of suitable habitat, even if some of the area within the range has been transformed 
(Robinson et al. 1992; Williams et al. 2008). The species is also known to have minimal 
space requirements, a short generation time and fairly high reproductive rates (Smithers 
1983; Skinner and Chimimba 2005), which also improve the species resilience to 
environmental change (Robinson et al. 1992; Williams et al. 2008). Therefore, the species 
should still be considered least concern (Hutterer 2008) yet due to the predictions for future 
climatic scenarios (below), the species could be a conservation concern and monitored for 
changes in its distribution.  
 
Species Distribution Models 
The performance of the four species distribution models (SDMs) was comparable according 
to the AUC (area under curve), with all the models having an AUC value of between 0.88 
Masters Dissertation                                                                                              Jessica Light 
 
 
55
and 1. However, the boosted regression tree (BRT) analysis was the strongest performing 
SDM and Maxent the weakest. Maxent models have been shown to perform well in many 
other studies and so this is an unexpected result (Phillips et al. 2006; Phillips and Dubik 
2008). Evaluating the performance of each model is an issue that continues to be unresolved 
in biogeography studies and while the AUC value is still considered the standard method of 
estimating the accuracy of SDMs, there are some aspects of modelling that the AUC cannot 
account for (Thuiller 2003; Lobo et al. 2008; Peterson et al. 2001). For example, the AUC is 
unable to provide information about the geographic areas where the model prediction was 
incorrect and has equal weighting of omission and commission errors (Lobo et al. 2008). 
Model accuracy has been shown to vary based on the relationship between the species and 
the environment as well as the quality and spatial scale of the predictor variables (Austin 
2007; Elith and Graham 2009; Austin and Niel 2010). Due to the statistical structure of 
SDMs, some models would naturally perform better or worse depending on the linear or non-
linear relationship between the species and the environment, or even if the relationship relies 
on an interaction between two or more variables in the environment (Elith and Graham 
2009). Given that the model performance can vary, ground-truthing would be the most 
successful way to assess accuracy. However ground-truthing can be expensive and time 
consuming, and therefore the best alternative is to view SDMs within the realm of ecological 
theory and use the agreement of the well performing models to understand the physiological 
tolerances of the species (Austin 2007; Elith and Graham 2009; Austin and Niel 2010). 
 
All the species distribution models found mean temperature of the driest quarter, annual 
precipitation and precipitation seasonality as important predictors for the current Atelerix 
frontalis occurrence. Biologically, this implies that Atelerix frontalis have specific 
physiological tolerances that limit the species to areas within specific temperature and rainfall 
conditions. These physiological tolerances could be phylogenetic or an adaptation evolved 
when Atelerix frontalis arrived in southern Africa, in order to exploit an available niche 
(Williams and Ebach 2008). Mean temperature of the driest quarter was the most important 
predictor, on average, across all the SDMs. When the mean temperature in the driest month 
increased beyond the mean (>13.1°C), the probability of Atelerix frontalis occurrence 
decreased, indicating a presence in regions of South Africa with dry cold seasons. The 
probability of Atelerix frontalis occurrence was highest when annual precipitation was from 
average to high rainfall ranges (>520mm per year), suggesting that the species occurs in areas 
with relatively high rainfall. Precipitation seasonality showed varying responses among the 
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SDMs, but Maxent and the NN agreed that probability of occurrence was greatest at the 
mean, indicating that Atelerix frontalis occur in regions with distinct wet and dry seasons but 
not in areas with drastic differences between seasons.  
 
Overall, Atelerix frontalis had the highest probability of occurrence in South African regions 
that have dry, cold winters and wet summers with distinct variation between the seasons. The 
occurrence of Atelerix frontalis in regions where rainfall during winter is low could be due to 
the risk of nests flooding during torpor (Hex 1997). On the other hand, the species preference 
for dry, cold winters could be related to torpor (Gillies et al. 1991, Skinner and Chimimba 
2005). Atelerix frontalis enter torpor during the cold winter months apparently in response to 
cope with the lack of available food resources (Lynman et al. 2013). Since, unlike birds, 
small mammals cannot migrate large distances to avoid the winter, alternative physiological 
and behavioural mechanisms are needed to survive winter (Lynman et al. 2013). The 
reduction of body temperature, respiration rate and oxygen consumption, characterise the 
Atelerix frontalis torpor state, although they have been known to become active in winter 
when there are relatively warm periods (Smithers 1983; Gillies et al. 1991; Lynman et al. 
2013). The entire hedgehog family is known to either enter torpor or hibernate during winter 
(Macdonald 2010), a behavioural adaptation which likely enables all species to occupy 
habitats unavailable to other small insectivorous mammals (Williams and Ebach 2008; 
Lynman et al. 2013). While there are some risks involved with torpor, such as not having 
enough energy reserves to make it through the winter, there are also benefits, such as the 
ability to exploit resources as soon as they become available in the environment (Lynman et 
al. 2013). It is unclear whether Atelerix frontalis always expressed this trait or whether it was 
an adaptation in order to exploit an available niche, but it appears that the species may able to 
use niches unavailable to other insectivores (Lynman et al. 2013).  
 
Good rainfall during summer is likely to promote activity and abundance of insects and 
therefore provide better conditions for breeding in insectivores (Hex 1997). During summer, 
Atelerix frontalis frequently move between nesting sites in order to avoid predators, and as a 
result, their movement patterns may indicate that high rainfall poses less of a risk of nest 
flooding Smithers 1983; Skinner and Chimimba 2005; Macdonald 2010). Rainfall during 
summer would also decrease the risk of fire. While in some ecosystems, fire is necessary for 
reproduction and regeneration of plants, for small mammals like Atelerix frontalis, fires poses 
a direct threat to their survival as well as an indirect threat through the loss of prey and 
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habitat resources (Frost 1984; Scholes 1997). Atelerix frontalis are present in fire dependent 
ecosystems, such as grassland and savanna, where the public have reported sightings of 
Atelerix frontalis being burnt and killed. It should be noted that Atelerix frontalis are not 
present in the fynbos biome, which is also dependent on fire, but since this is a winter rainfall 
area, it therefore appears that the timing of the rainfall is the more limiting factor for Atelerix 
frontalis occurrence (Frost 1984; Scholes 1997).  
 
All SDM models predicted similar ranges of occurrence for the Atelerix frontalis within 
southern Africa and predicted a decline in the area of occurrence in the future, based on the 
26 and 85 representative concentration pathways (RCP) for 2050 and 2070. More severe 
range retractions were predicted for the RCP 85 than the RCP 26 scenarios, which was to be 
expected since the RCP 85 scenarios had a larger difference in the predicted temperature and 
rainfall compared to the current climate. The distribution predicted for the Atelerix frontalis 
in South Africa is an accurate representation of the possible range, although regions outside 
South Africa should be considered an extrapolation of the occurrence data gathered due to the 
limited sightings available for these regions. The multivariate environmental similarity 
surfaces (MESS) analysis also identified these regions as lacking sufficient information for 
modelling, and therefore even if sufficient records were available, better climatic data would 
be required in order to model the species distribution accurately (Phillips et al. 2006). Mean 
temperature in the wettest quarter and precipitation seasonality were the predictor variables 
expected to change the most according to the future predictions, although the locality of 
where these variables are expected to change were outside of South Africa and cannot be 
used to explain all of the apparent range retraction (Phillips et al. 2006). According to the 
worst-case scenario (RCP 85) for 2050 and 2070, the Atelerix frontalis is predicted to occur 
predominately along the Drakensberg mountain range, extending from the southern tip of 
Lesotho north-eastward toward the nexus of South Africa and Zimbabwe. This mountain 
range has the highest elevation in South Africa. Since high altitude areas are often the first to 
be affected by climate change, it results in the disappearance of alpine zones and the 
movement of vegetation to higher altitudes (Williams et al. 2008; Root et al. 2013). The 
Drakensberg mountain range may provide refuge for many species by providing habitat for 
species which find these conditions suitable (Williams et al. 2008; Root et al. 2013). 
 
In conclusion, Atelerix frontalis were found to occur across a large geographic area within 
South Africa and frequently sighted in urban environments. This indicates that a large 
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geographic area is expected to provide suitable habitat, climatically, for Atelerix frontalis and 
the current population appears to be stable. The distribution of Atelerix frontalis was found to 
be predominately dependent on the mean temperature in the driest quarter, annual 
precipitation and precipitation seasonality, indicating that temperature and rainfall conditions 
are limiting factors for the occurrence of Atelerix frontalis based on the species’ 
physiological tolerances. These climatic conditions suggest a preference for regions with dry, 
cold winters, which might be related to torpor, and wet summers, which provide food and 
habitat resources as well as reduce fire risk. The distribution of Atelerix frontalis is expected 
to decline into 2050 and 2070, with range retractions towards the Drakensberg mountain 
range. Collectively, it appears that Atelerix frontalis have physiological tolerances that 
restrict them to specific climatic regions within southern Africa. This implies that the species 
is vulnerable to climate change and should be considered of conservation concern due to 
future predicted decline. Biotic factors may have had a significant impact on the species 
distribution but could not be included in the distribution modelling due to the limited 
information for the species and the lack of available fine scale maps. The SDMs have the 
ability to provide information regarding the large-scale factors governing the species 
distribution and fundamental niche although the realised niche requirements cannot be 
addressed at this scale. Future studies should aim to assess aspects of the realised niche 
through, for example, resource selection at a local scale, road transects, radio-tracking, or 
camera traps. 
 
 
Masters Dissertation                                                                                              Jessica Light 
 
 
59
Chapter 3. Resource selection functions 
 
Introduction 
The local occurrence of a species is dependent on the spatial arrangement and availability of 
resources within the environment (Ragg and Moller 2000; Manly et al. 2002). Resources are 
the physical aspects of the environment that a species uses and requires in order to survive 
and reproduce (e.g. food, nesting material and mates; Ragg and Moller 2000; Manly et al. 
2002). Species that are resource specialists have specific requirements and will only occur in 
areas where these resources are available (Weislo 1989; Ragg and Moller 2000; Ghalambor 
et al. 2010). Small mammal resource specialists are highly dependent on their natural habitat 
and some species are restricted to habitats that have been unaffected by urban development 
(Dickman and Doncaster 1987; Sauvajot et al. 1998; Robinson et al. 1992). Examples of 
resource specialists are the brush mouse (Peromyscus boylii), deer mouse (Peromyscus 
maniculatus), and the desert woodrat (Neotoma lepida) (Dickman and Doncaster 1987; 
Sauvajot et al. 1998; Robinson et al. 1992). Resource generalists, on the other hand, can 
occupy a variety of environments and exploit a wide range of available resources (Weislo 
1989; Ragg and Moller 2000; Ghalambor et al. 2010). Generalist species are common in 
urban environments and typical small mammal species are the house mouse (Mus musculus) 
and brown rat (Rattus norvegicus) (Weislo 1989; Ragg and Moller 2000; Ghalambor et al. 
2010).  
 
Resource selection functions (RSFs) assess the spatial distribution of species in their 
environment and the probability of a species using a specific resource (Boyce 2006), thereby 
providing an indication of resource specialists and generalists. RSFs operate by a process of 
eliminating the resources avoided by species to determine which resources are selected 
(Boyce 2006). Resource selection occurs on multiple spatial and temporal scales. Species 
selection of resources is reflected in its geographic range, chosen habitat, food source and 
feeding sites (Manly et al. 2002; Boyce 2006). Resource selection studies are typically 
focused on habitat or food choice and consider categorical and/or continuous features (Manly 
et al. 2002; Boyce 2006). In the RSFs, species habitat selection can be estimated by the 
duration of time spent by individuals in a particular area and by the distance of individuals to 
environmental features, such as water sources, open fields or rocky outcrops (Manly et al. 
2002).  
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To understand whether Atelerix frontalis, is vulnerable to environmental change, it is 
important to assess whether the species displays plastic (differentiation) responses or is niche 
conservative, which would respectively indicate that they are resource generalists or 
specialists. Evaluating the plasticity and niche conservatism of Atelerix frontalis will greatly 
help with assessing the species vulnerability and ability to continue surviving in urban 
environments (Dickman and Doncaster 1987; Sauvajot et al. 1998; Robinson et al. 1992). 
The aim of this study was to assess the resource selection of Atelerix frontalis at a large 
(South Africa) and a fine scale (Greater Johannesburg). I conducted RSF analyses on the 
occurrence records obtained for South Africa and Greater Johannesburg (the same records 
obtained from the public in chapter 2). The environmental features used to assess resource 
selection were natural (e.g. flowing and stagnant water sources) and anthropogenic features 
(e.g. roads and human settlements). I tested whether the occurrence of Atelerix frontalis in an 
urban environment was related to either niche differentiation (plasticity) or niche 
conservatism. Should Atelerix frontalis be plastic (resource generalists), I predicted that the 
species would display niche differentiation by utilizing different resources in urban 
environments when compared to resource use at a regional scale and no clear selection for 
specific resources. Alternatively, if they were niche conservative, they would select habitats 
that provide refuge in urban environments, containing food, nesting resources and paths for 
dispersal within city areas. Niche conservatism would also display similar patterns in the 
general RSF and the urban RSF. 
 
Methods and materials 
Resource selection functions (RSF) are mathematical models which estimate the probability 
of use of a resource unit by a species. Two separate RSF analyses were run for Atelerix 
frontalis, one at a large (South African) and the other at a fine (Greater Johannesburg) scale 
(Figure 3.1). The large scale analysis consisted of 236 South African occurrence records (the 
same records used in Chapter 2 for the species distribution models where Gauteng Province 
occurrences were reduced and records limited to South Africa) and 153 fine scale (Greater 
Johannesburg) occurrence records (all occurrence records in Johannesburg since 1980, 
excluding replicates and occurrences within 1km of each other). The large scale occurrence 
records represented the entire country and included only 10 of the fine scale records.  
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Figure 3.1: Map of South Africa, showing relative location of Greater Johannesburg in 
Gauteng. 
 
To assess the resources selected for by Atelerix frontalis, I used 14 natural and anthropogenic 
environmental features. The natural features included vegetation, soil, rivers, other natural 
water sources (non-flowing water sources such as dams and wetlands), recreational areas, 
protected areas, and forests. The anthropogenic features included roads, human settlements, 
cemeteries, agricultural areas, industrial areas, commercial areas, and landfill sites. The 
features were selected because each was likely to represent a resource (i.e. water, food, cover 
and easily excavated soils for making nests or digging up insects) or represent a feature in 
close proximity to humans that may explain the reason for the sighting. The vegetation maps 
used were the ‘SA Biomes’ (Rutherford 1997) map for large scale analysis and the Mucina & 
Rutherford (2006) map for the fine scale analyses; both were available from PlantZ Africa 
Limpopo 
Mpumalanga 
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(www.plantzafrica.com). Different vegetation maps were used for large and fine scale 
analysis because the detail required for the large scale analysis was too limiting for the fine 
scale analysis (all the sightings were in one vegetation type) and the detail required for the 
fine scale analysis would have resulted in too many categories to draw a meaningful 
conclusion are the larger scale. The SOTER-based soil parameter estimates for southern 
Africa (version 1.0) was used for the soil map, and was obtained from ISRIC World Soil 
Information website (www.isric.org). The protected areas feature map was created in ArcGIS 
by merging five shapefiles, four available from the Department of Environmental Affairs 
website (www.environment.gov.za), including botanical gardens, national parks, Ramsar 
sites, and world heritage sites, and conservation areas available from the Geofabrik website 
(www.geofabrik.de). Using the South Africa land use file from Geofabrik, I used the edit tool 
to delete all features in the shapefile except conservation areas to isolate conservation areas 
for the protected areas shapefile. All the other feature maps were used in both analyses and 
were downloaded from Geofabrik (www.geofabrik.de; “South Africa and Lesotho latest”), of 
which the land use file was modified into individual shapefiles to create separate files for the 
following features: human settlements, cemeteries, recreational areas, agricultural areas, 
industrial areas, forests, commercial areas and landfill sites. 
 
I conducted intersect analysis on the categorical variables (vegetation and soil) in ArcGIS 
10.1, which overlapped the occurrence data points in each map and recorded the type of soil 
or vegetation present at each point. For the other features, I determined the proximity of each 
sighting to each feature using the near function in ArcGIS 10.1, which measures the straight-
line distance of each occurrence point to a specified environmental feature. RSF require 
either presence/absence data or presence/available data to determine the use or avoidance of a 
resource. While presence/absence data are the most ideal for use in RSFs, absence points are 
hard to accurately quantify because it can be difficult to show a true absence when the 
possibility exists that the species may have been undetected (Manly et al. 2002; Boyce 2006). 
Therefore, I analysed presence/available data, which did a comparison between the features 
used (the actual areas of occurrence) and the availability of those features in the environment. 
To ascertain the available resources, I generated random points within South Africa and 
Johannesburg using Hawth’s tools in ArcGIS. These random points were generated at a 1: 10 
ratio of actual: random to ensure accurate representation of the availability of each 
environmental feature. This provided an indication of which resources were being selected in 
the environment, and a comparison between the Atelerix frontalis population at a large and 
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fine scale. The RSF analyses aided in assessing whether the species was demonstrating a 
niche differentiation or conservatism in the urban environment.  
 
Randomization tests were conducted in R version 3.1.2 (www.r-project.org) to analyse 
whether the presence and available data were located at significantly different distances from 
each of the environmental features (Appendix 5, 6 and 7). This was done in a pairwise 
fashion, with 50 000 iterations, where each feature was tested against itself for distances to 
the presence/available data. The randomization tests calculated a mean difference and a p 
value between the presence and available data. Logistic regression was used to assess all the 
environmental features for whether or not a resource was selected. All features that were 
measured for proximity were then binned into categorical groups based on distance to the 
feature. Group A = 0 – 0.5km, B = 0.5 – 1km, C = 1 – 1.5km, D = 1.5 – 2km, E = 2 – 5km, F 
= 5 – 10km, G = 10 – 15km, H = 15 – 20km, I = >20km. I choose these groupings because 
Atelerix frontalis is not likely to move large distances from the resources it uses. Erinaceus 
europaeus have been known to travel distances of approximately 0.2-1 km a night, although 
some difference has been noted in urban and rural areas (Rautio et al. 2013). The size of the 
Atelerix frontalis home range is unknown, so I used the home range of Erinaceus europaeus 
as a guide. Data analyses were done in R version 3.1.2 and because the data were over-
dispersed, the generalised linear model (glm) was run with a quasipoisson function. Log-odds 
ratios and 95% confidence intervals were calculated for each resource in order to assess the 
change in probability of Atelerix frontalis presence in relation to changes in the distance to 
the resource. 
 
Results 
The RSF results based on proximity to a feature were organised into two graphs for each 
environmental feature: 1) the mean actual distance (km) of Atelerix frontalis to an 
environmental feature in relation to the mean furthest distance from feature (available), at a 
large and fine scale; and 2) log-odds ratio for Atelerix frontalis per distance category for a 
large and fine scale Atelerix frontalis occurrences. The distance category for each of the 
environmental features was divided into nine groups (0-0.5, 0.5-1, 1-1.5, 1.5-2, 2-5, 5-10, 10-
15, 15-20 and >20km). The reference category (=0) for each log-odds ratio graphs was the 
closest distance group (typically 0 – 0.5km). The environmental feature figures are ordered 
based on mean actual distance, closest to furthest, for the Atelerix frontalis occurrence on a 
large scale. The sequence of features from closest to furthest mean actual distance was not the 
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same for the large scale Atelerix frontalis occurrence and the fine scale occurrence. In order 
to keep one format, I selected the large scale sequence. 
Thirteen environmental features were evaluated, of which only five influenced the odds of 
occurrence. These were: roads, human settlements, cemeteries, recreational areas, and other 
natural water sources. Ridges, rivers, industrial areas, agricultural areas, forests, commercial 
areas, landfill sites and protected areas were found to have no effect of Atelerix frontalis odds 
of occurrence for both the large and fine scale occurrences (Appendix 5 to 20). The results 
for vegetation and soil selection were also separated into two graphs, the first being the 
percentage of vegetation and soil types in relation to the available composition of these in the 
environment and the second, a log-odds ratio graph of the relationship between Atelerix 
frontalis occurrence and each vegetation and soil type. The reference category (=0) for the 
vegetation and soil log-odds ratios graphs was chosen at random by R 3.1.2. 
 
Roads 
The large and fine scale occurrence of Atelerix frontalis were found in closest proximity to 
roads (Figure 3.2). Atelerix frontalis were significantly closer to roads (0.05 ± 0.02, mean km 
± 95% CI) at a fine scale compared to the distance (0.9 ± 0.25) for the large scale occurrence 
and as a whole were significantly closer to roads than available in the environment (Table 
3.1; Figure 3.2).  
  
Figure 3.2: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from roads in relation to the mean (±95% CI) furthest distances from roads. 
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Table 3.1: Randomization tests results from comparing the mean differences in distance to the environmental features of the 1) large scale Atelerix 
frontalis occurrence (general) and the availability of each feature in South Africa, 2) the fine scale Atelerix frontalis occurrence (urban) and the 
availability of each feature in Johannesburg, 3) and the large scale Atelerix frontalis occurrence and the fine Atelerix frontalis occurrence. 
Significant values are in bold. 
 
    
Available v.s. large scale Atelerix 
frontalis   
Available v.s. fine scale  Atelerix 
frontalis   
large Atelerix frontalis  v.s. fine 
scale Atelerix frontalis 
Feature   Mean difference 
Randomization test p 
value    
Mean 
difference 
Randomization test p 
value    
Mean 
difference 
Randomization test p 
value  
 
Roads   
 
2.64 
 
<0.00001  
 
7.15 
 
<0.00001  
 
0.89 
 
<0.00001 
Rivers  2.54 0.00246  0.15 0.25736  5.85 <0.00001 
Human settlements  7.85 <0.00001  0.33 0.00712  5.11 <0.00001 
Other natural water 
sources  8.69 0.0002  1.08 0.0001  24.36 <0.00001 
Cemeteries   26.92 <0.00001  2.02 0.0001  9.43 <0.00001 
Recreational areas  12.45 <0.00001  0.84 0.00154  23.22 <0.00001 
Agricultural areas  7.09 0.07538  2.21 0.00182  40.89 <0.00001 
Industrial areas  18.33 <0.00001  0.11 0.71896  45.06 <0.00001 
Protected areas  10.42 0.0256  2.16 0.01574  43.29 <0.00001 
Forests  8.9 0.1791  1.48 0.00536  73.74 <0.00001 
Commercial areas  37.99 0.00002  2.3 <0.00001  83.74 <0.00001 
Landfill sites   32.95 0.00034   -4.48 <0.00001   109.26 <0.00001 
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At the large scale, Atelerix frontalis odds of occurrence were greatest when closer to a road (0 
± 0.4, log-odds ± SE) and odds decreased as distance from roads increased (Figure 3.3). The 
Atelerix frontalis occurrence at a fine scale showed no difference in odds of occurrence in 
relation to distance from the feature (Figure 3.3). Atelerix frontalis were not found further 
than 15-20km from a road at the large scale (seen by the finite upper limit for the >20km 
distance category) and at the fine scale, no Atelerix frontalis were found further than 10km 
from a road (Figure 3.3). 
 
 
Figure 3.3: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from roads (km). * = p < 0.05 for presence vs available data in 
each category. 
 
Human settlements 
Atelerix frontalis were found in close proximity to human settlements at a large (6.3 ± 0.8, 
mean km ± 95% CI) and fine scale (1.2 ± 0.14). Atelerix frontalis occurrences were also 
found significantly closer to human settlements than human settlements were available in the 
environment (Table 3.1; Figure 3.4). 
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Figure 3.4: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from human settlements in relation to the mean (±95% CI) furthest distances from 
human settlements. 
 
At a large scale, the odds of Atelerix frontalis occurrence were greatest in close proximity to 
human settlements (0-0.5km = 0 ± 0.3, log-odds ± SE), and the odds decreased as the 
distance from human settlements increased (Figure 3.5). The odds of occurrence at a fine 
scale was unaffected by the distance from a human settlement, with all odds-ratios 
approximately equal to 0 (Figure 3.5). At a fine scale, both Atelerix frontalis or available 
points were not located further than 10 km from a human settlement (Figure 3.5).  
 Figure 3.5: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine 
scale (triangle), based on distance from human settlements (km). * = p < 0.05 for presence vs 
available data in each category. 
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Cemeteries 
Atelerix frontalis were found relatively close to cemeteries. The fine scale Atelerix frontalis 
occurrence was significantly closer (8.1 ± 0.7, mean km ± SE) to cemeteries than the large 
scale occurrence (17.5 ± 2.5). The fine scale analysis showed than Atelerix frontalis sightings 
were found significantly further from away cemeteries than cemeteries were available in 
Johannesburg, while the large scale occurrence was significantly closer to cemeteries than 
cemeteries were available in South Africa (Table 3.1; Figure 3.6). 
 
 
 
Figure 3.6: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from cemeteries in relation to the mean (±95% CI) furthest distances from 
cemeteries. 
 
At a large scale, the odds of occurrence were greatest when Atelerix frontalis were 2 to 5 km 
from a cemetery (-0.15 ± 0.1, log-odds ratio ± 95% CI) (Figure 3.7). The distance categories 
between 0-2km were non-significant, as well as the 15-20km category (Figure 3.7). The odds 
of Atelerix frontalis occurrence decreased as the distance from cemeteries increased, although 
no Atelerix frontalis were found within the 0-0.5km-distance category (as seen by the infinite 
upper limit in Figure 3.6. The fine scale occurrence had similar odds of occurrence across all 
the distance categories but odds were highest in the 10-15km-distance category (0.2 ± 0.08) 
(Figure 3.7). 
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Figure 3.7: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from cemeteries (km). * = p < 0.05 for presence vs available 
data in each category. 
 
 
Recreational areas 
Atelerix frontalis were in close proximity to recreational areas at a fine scale (3.0 ± 0.3, mean 
km ± 95% CI) but were fairly far from recreational areas at a large scale (26.2 ± 3.0; Figure 
3.8). Atelerix frontalis were significantly closer to recreational areas in South Africa and 
Johannesburg than recreational areas were available in the environment. At a fine scale, 
Atelerix frontalis occurred significantly closer to recreational areas than at the large scale 
(Table 3.1; Figure 3.8).  
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Figure 3.8: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from recreational areas in relation to the mean (±95% CI) furthest distances from 
recreational areas. 
 
At the large scale, the odds of occurrence are highest when Atelerix frontalis were close to 
recreational areas and decreased as distance from the feature increased (Figure 3.9). At the 
fine scale, the odds of Atelerix frontalis occurrence remained similar across the distance 
categories with a small non-significant decrease in odds more than 2km from a recreational 
area (Figure 3.9). 
Figure 3.9: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from recreational areas (km). * = p < 0.05 for presence vs 
available data in each category. 
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Other Natural Water Sources 
Other natural water sources do not include rivers or flowing water, and therefore only 
includes stagnant water sources, such as wetlands and marshes. Atelerix frontalis at a fine 
scale were in close proximity to other natural water sources (2.8±0.3, log-odds ratio ± 95% 
CI), whereas at the large scale Atelerix frontalis occurrences were significantly further away 
from other natural water sources (27.1 ± 3.3) (Table 3.1; Figure 3.10). The large and fine 
scale occurrence were both significantly closer to other natural water sources than the feature 
was available in the environment (Table 3.1; Figure 3.10). 
 
 
 
Figure 3.10: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of 
Atelerix frontalis from other natural water sources in relation to the mean (±95% CI) furthest 
distances from other natural water sources. 
 
 
At the large scale, the odds of occurrence were highest when Atelerix frontalis were close to 
other natural water sources (0-2km) and lowest when further than 10km from water features 
(Figure 3.11). Fine scale occurrences were similar across all the distance categories, with 
only the 0.5-2km categories being significant (Figure 3.11). 
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Figure 3.11: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine 
scale (triangle), based on distance from other natural water sources (km). * = p < 0.05 for 
presence vs available data in each category. 
 
Biomes and vegetation  
The biome that Atelerix frontalis most frequently occurred in at a large scale was determined 
in ArcGIS using the gps coordinates from sightings and was compared with ratios of 
availability of biome in South Africa. Atelerix frontalis occurred in albany thicket (2.1%), 
azonal vegetation (3.4%) and savanna (33%) biomes at similar proportions to what is 
available. However, Atelerix frontalis occurred proportionally less in the fynbos biome 
(0.4%) in the Western Cape province of South Africa than available (Figure 3.12). Atelerix 
frontalis occurred in grassland (47.5%), which was close to twice the proportion of available 
grassland (27.6%) in the country (Figure 3.12). Atelerix frontalis also occurred in nama-karoo 
(13.6%) but to a lesser extent than that percentage it was available (20%) in South Africa 
(Figure 3.12). Atelerix frontalis were not found to occur in deserts, forests, the Indian Ocean 
coastal belt or succulent karoo biomes, but these vegetation types had limited availability in 
South Africa (<2%, succulent karoo 6.2%) (Figure 3.12). A χ2 test revealed a significant 
difference in the proportion of biome types where Atelerix frontalis occur in comparison with 
the available proportion and a randomization test showed that the difference was not due to 
chance (Table 3.2). 
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Table 3.2: Chi-squared and randomization test of Atelerix frontalis occurrence in biome and 
vegetation types compared to the available proportion in South Africa (general). Significant 
values are in bold. 
 
 
 
Figure 3.12: Percentage occurrence of Atelerix frontalis in biomes at a large scale, and a 
comparison with the biomes available in South Africa.  
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Odds ratios randomly selected albany thicket as the reference category (=0). The odds of 
Atelerix frontalis occurrence were highest in the grassland biome (0.07 ± 0.02, log-odds ± 
SE) but this odds ratio was comparable with the odds of occurrence in albany thicket (0 ± 
0.08) and azonal vegetation (0.04 ± 0.09) (Figure 3.13). Nama-karoo and savanna had similar 
odds of occurrence (0 ± 0.02 and 0.02 ± 0.02 respectively) but fynbos had low odds of 
occurrence (-0.06 ± 0.03) (Figure 3.13). All the biome types where Atelerix frontalis occur 
were significant at 0.001 except for deserts, forests, the Indian Ocean coastal belt and 
succulent karoo (Figure 3.13). 
 
 
 
Figure 3.13: Odds of Atelerix frontalis occurrence (± 95% CI) at a large scale in relation to 
each biome type. * = p < 0.05 for presence vs available data in each category. 
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highveld grassland (3.3%), carletonville dolomite grassland (0.7%) and tsakane clay 
grassland (0.7%) but at less than their availability within Johannesburg (Figure 3.14).  
 
Figure 3.14: Percentage occurrence of Atelerix frontalis in vegetation type by Atelerix 
frontalis at a fine scale, and a comparison with the vegetation available in Johannesburg. 
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not due to chance (Table 3.2). 
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The log-odds ratios selected carletonville dolomite grassland as the reference category (=0). 
Atelerix frontalis odds of occurrence were highest in andesite mountain busveld (0.16 ± 
0.06), egoli granite grassland (0.14 ± 0.02) and gold reef mountain bushveld (0.15 ± 0.1; 
Figure 3.15). Egoli granite grassland had the smallest standard error but all three vegetation 
types were comparable in odds of Atelerix frontalis occurrence, due to large overlap in 
standard error bars (Figure 3.15). The vegetation types where Atelerix frontalis were located, 
were all significant (p= 0.001) but Atelerix frontalis did not occur in the eastern temperate 
freshwater wetlands and gauteng shale mountain bushveld (Figure 3.14 and Figure 3.15).  
 
 
 
Figure 3.15: Odds of Atelerix frontalis occurrence (± 95% CI) at a fine scale in relation to 
each vegetation type. * = p < 0.05 for presence vs available data in each category. 
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Soil 
The soil types that Atelerix frontalis occupied at a large scale were determined in ArcGIS 
using gps coordinates from sightings and compared with available ratios for each soil type. 
Atelerix frontalis were located in acrisols (11.4%), lixisols (14.4%), nitisols (2.9%), 
phaeozems (1.7%), planosols (1.3%), plinthosols (3.8%) and vertisols (8.5%) at higher 
proportions than available in South Africa (Figure 3.16). Atelerix frontalis occurred in the 
vertisols soil type at four times the proportion to available whereas their occurrence in 
planosols was 1.5 times the proportion of the available (Figure 3.16). Leptosols had the 
greatest proportion of occurrence (16.1%), followed by lixisols (14.4%), cambisols (13.9%), 
luvisols (13.6%) and acrisols (11.4%) (Figure 3.16). The proportion of Atelerix frontalis 
occurrence in calcisols (3.8%), luvisols (13.5%), solonchaks (1.3%) and solonetz (0.8%) was 
similar to the proportion available but Atelerix frontalis were found in arenosols (3.8%), 
cambisols (13.9%), leptosols (16.1%), and regosols (2.5%) less than the ratio available 
(Figure 3.16). Atelerix frontalis were not found in ferralsols, gleysols, kastanozems, podzols 
and umbrisols but these soil types made up a very small portion of the available soil types 
(Figure 3.16). The χ2 test revealed a significant difference in the soil types where Atelerix 
frontalis occur in comparison to that which was available and a randomization test showed 
the difference was not due to chance (Table 3.3). 
 
Table 3.3: Chi-square and randomization test for the use of soil types at 1) a large scale 
Atelerix frontalis occurrence and the availability of each soil type in South Africa, and 2) a 
fine scale Atelerix frontalis occurrence and the availability of each soil type in Johannesburg. 
Significant values are in bold. 
 
 
Odds ratios were calculated for each soil type in R 3.1.2, which randomly selected regosols as 
the reference category (=0). The soil type with the highest odds of occurrence was vertisols 
  
χ 2 
degrees of 
freedom 
p 
value 
Randomization 
test p value 
          
Available v.s.large scale  
Atelerix frontalis 108.7 50.00 <0.001 <0.001 
     
Available v.s. fine Atelerix 
frontalis 379.8 3.00 <0.001 <0.001 
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(0.25 ± 0.1, log-odds ± SE), but many of the soil types had comparable odds ratios due to 
large standard errors (Figure 3.17). The soil types with odds ratios that fell below the 0 line 
(i.e. ferralsols, fluvisols, gleysols, kastanozems, and podzols) were non-significant in model 
prediction but all other soil types were significant (p = 0.001; Figure 3.17). Arenosols and 
regosols had the lowest odds of occurrence of the significant soil types (-0.003 ± 0.02 and 0 ± 
0.08) (Figure 3.17).  
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Figure 3.16: Percentage occurrence of Atelerix frontalis in soil types at a large scale, and a 
comparison with the soil available in South Africa. 
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Figure 3.17: Odds of Atelerix frontalis occurrence (± 95% CI) at a large scale in relation to each soil type. * = p < 0.05 for presence vs available 
data in each category. 
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The soil types occupied by Atelerix frontalis at a fine scale were determined in ArcGIS using 
gps coordinates for the location of sightings compared with the soil types available. Atelerix 
frontalis were located in albic plinthosols (81.7%), lithic leptosols (13.1%) and rhodic lixisols 
(5.2%) (Figure 3.18). Albic plinthosols and lithic leptosols were occupied by Atelerix 
frontalis considerably more than available, with albic plinthosols available at a ratio of 46.6% 
and lithic leptosols available at 6.8% (Figure 3.18). Rhodic lixisols were occupied noticeably 
less than the proportion available in Johannesburg and Atelerix frontalis were not located in 
rhodic acrisols (Figure 3.18). A χ2 test revealed a significant difference in the soil type where 
Atelerix frontalis occurred in comparison to available and a randomization proved that the 
difference found was not by chance (Table 3.3). 
 
 
Figure 3.18: Percentage occurrence of Atelerix frontalis in soil types at a fine scale, and a 
comparison with the soil available in Johannesburg. 
 
The log-odds ratios randomly selected rhodic lixisols as the reference category (=0). At a fine 
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Figure 3.19: Odds of Atelerix frontalis occurrence (± 95% CI) at a fine scale in relation to 
each soil type. * = p < 0.05 for presence vs available data in each category. 
 
 
Discussion 
The resource selection functions identified 5 environmental features (roads, human 
settlements, cemeteries, recreational areas and other natural water sources) as well as several 
vegetation and soil types that affected the large scale odds of Atelerix frontalis occurrence. 
However, only roads, vegetation and soil were found to affect the fine scale Atelerix frontalis 
occurrence.  
 
According to the RSF, Atelerix frontalis occurred closest to roads, for which the odds of 
occurrence were highest 0-1km from a road. Atelerix frontalis are frequently seen crossing 
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opportunities and act as a dispersal corridor. Several reptile and bird species use roads for the 
residual warmth it provides and are frequently sighted on tarred roads at night or in the early 
morning (Dickman and Doncaster 1987). Atelerix frontalis have mainly been observed on the 
move over roads and it is unknown whether they use the roads for warmth. Food is often 
available on roads due to road-kill of a range of invertebrate and vertebrate taxa and due to 
the attraction of invertebrates to street-lights at night (Dickman and Doncaster 1987). Roads 
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are common in urban environments and typically act as a barrier to dispersal barrier for many 
urban species (Dickman and Doncaster 1987; Hof 2009). However, Erinaceus europaeus use 
roads as corridors for movement and it is likely that Atelerix frontalis may be displaying the 
same behaviour (Dickman and Doncaster 1987; Hof 2009; Macdonald 2010). Sightings of 
Atelerix frontalis in vegetated areas are rare, due to their nocturnal activity patterns and 
camouflage provided by their tawny coloured spines, which blend into the grass (Smithers 
1983; Skinner and Chimimba 2005). The majority of the sightings reported are of Atelerix 
frontalis crossing roads, entering private property and/or being caught by dogs. Some 
sightings of Atelerix frontalis were also related to road kill incidents, typically on busy 
highway roads in South Africa or Johannesburg, in areas bordering undeveloped land. 
Erinaceus europaeus have similar sighting patterns (Hof 2009; Haigh 2011). 
 
The proximity of Atelerix frontalis to anthropogenic features is likely to be an indicator of 
where people are most likely to encounter hedgehogs, particularly when the species inhabits 
the surrounding vegetation. In support, the odds of Atelerix frontalis occurrence in South 
Africa were highest in close proximity to four anthropogenic features but only one natural 
feature (stagnant natural water sources). The Johannesburg scale analysis also revealed no 
difference in odds of occurrence in relation to any of the features analysed, except roads. In 
order to confirm the resources used by Atelerix frontalis, fine scale analysis of home range 
and activity patterns will be required. 
 
In Johannesburg, Atelerix frontalis were found in closer proximity to all 14 environmental 
features when compared to the large scale occurrence. The difference between the large and 
fine scale occurrence of Atelerix frontalis may be attributed to niche differentiation due to 
high levels of urbanisation within Johannesburg. Atelerix frontalis are considered an 
adaptable species (Hutterer 2008) and therefore may be exploiting the available habitat. 
However, because anthropogenic features were a strong predictor of Atelerix frontalis 
occurrence, urbanized areas (such as Greater Johannesburg) may provide more opportunity 
for sightings than the larger area of South Africa.  
 
Urban environments do pose risks to Atelerix frontalis from factors such as fragmentation 
and predation. The impact that transformation of habitats could have on this species is 
unknown but fragmentation of populations is likely to result in genetic bottlenecks and 
potentially in local extinction (Dickman and Doncaster 1987; Sauvajot et al. 1998; Ditchkoff 
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et al. 2006). Atelerix frontalis are also eaten as a delicacy in African cultures and sold in 
many traditional (muti) markets (Smithers 1983; Skinner and Chimimba 2005).  
 
The analysis of the vegetation and soil types selected provided insight into general 
characteristics of the Atelerix frontalis environment. Within South Africa, Atelerix frontalis 
tended to avoid the fynbos biome and showed a preference for the grassland (47.5%) and 
savanna (33%) biomes. This is expected given that these biomes are widespread in South 
Africa and within the broad Atelerix frontalis distribution. South African grasslands are 
biodiversity rich with soils abundant in nutrients (primarily originating from basalt and 
andesite) and dominated by grasses and forbs (Scholes 1997; Palmer and Ainslie 2005). The 
savanna is the most extensive biome in South Africa, species rich and typically consists of 
both grasses and woody vegetation (Scholes 1997; Palmer and Ainslie 2005). The grassland 
and savanna biomes are both influenced by the regional climatic conditions and restricted to 
areas with specific ranges of rainfall, temperature, and altitude (Scholes 1997; Palmer and 
Ainslie 2005). Both are vulnerable to transformation. In particular, grasslands are the most 
threatened biome in South Africa as they are commonly used for agricultural, mining and 
industrial activities as well as support majority of South Africa’s population (Scholes 1997; 
Neke and Du Plessis 2004). In order to protect Atelerix frontalis, the biomes the species 
occupies are the first areas that need to be conserved. 
 
Johannesburg (Gauteng Province) falls within the grassland biome where three vegetation 
types were preferred by Atelerix frontalis: egoli granite grassland, andesite mountain 
bushveld and gold reef mountain bushveld. Half of the vegetation within Johannesburg is 
comprised of egoli granite grassland and is located in the northern areas of the city (Mucina 
and Rutherford 2006). However, due to rapidly occurring urbanization and related habitat 
loss, egoli granite grassland has become endangered (Compaan 2011). The loss of egoli 
granite grassland could have marked effects on the occurrence of Atelerix frontalis and the 
current population of Johannesburg may disappear from the city because of habitat loss. The  
preference for the three vegetation types might be the result of Atelerix frontalis selecting for 
a specific resource or due to other vegetation types becoming uninhabitable (i.e. areas that are 
highly developed such as Johannesburg central). In other words, high levels of urbanisation 
in Johannesburg may have resulted in Atelerix frontalis being eradicated from some areas and 
displacing the occurrence to outlying areas of Johannesburg where egoli granite grassland, 
andesite mountain bushveld and gold reef mountain bushveld are located. In support, the 
Masters Dissertation                                                                                                Jessica Light 
85 
 
public has reported that Atelerix frontalis are now absent in parts of Johannesburg occupied 
many decades ago.  Several species of small mammals have suffered population declines as a 
consequence of a reduction or alteration of preferred vegetation (Sauvajot et al. 1998).  
 
In my previous study (Artingstall 2013), I visited nine sites within Johannesburg where 
Atelerix frontalis had been frequently sighted. Rocky outcrops, dense vegetation and leaf 
litter were common features in these sites and the majority of sites had open fencing (palisade 
or mesh) that restricted access for both humans and urban predators (dogs specifically) but 
not Atelerix frontalis (Artingstall 2013). These sites most likely provide food, cover, refuge, 
lower predation risk and facilitate dispersal (Skinner and Chimimba 2005; Rodrigeus Recio et 
al. 2013; Artingstall 2013). 
 
In South Africa, Atelerix frontalis occurred in several soil types: acrisols, lixisols, vertisols, 
leptosols, cambisols and luvisols. The majority of these soil types are clay based, have 
moderate to high productivity and are common in savanna, grasslands, and woodlands (Fey 
2010). Atelerix frontalis had the highest odds of occurrence in vertisol soils, which are 
commonly known as vlei soils, having a high clay and sodium content. Vertisol soils 
typically form cracks during the dry season and can become flooded or water logged during 
the wet season (Fey 2010). Atelerix frontalis appeared to avoid arenosols and regosols, which 
are sandy soil types with low productivity and are sensitive to erosion (Fey 2010). In 
Johannesburg, Atelerix frontalis were found in albic plinthosols and lithic leptosols while 
avoiding rhodic lixisols. Albic plinthols are iron and clay rich with quartz constituents but the 
top layer of soil has neither of these characteristic nutrients (Fey 2010). Lithic leptosols are 
very shallow soils, which occur above highly calcareous material or hard rock (Fey 2010). 
Both soils have low, poor productivity and rarely used for agricultural purposes (Fey 2010). 
Rhodic acrisols were avoided by Atelerix frontalis and are characterised as low activity clay 
soil containing rhodium. This soil has low productivity and is only useful for crops that are 
acid tolerant (Fey 2010).  
 
The soil types selected for by Atelerix frontalis are possibly related to prevalence of ground 
or soil dwelling invertebrates and potential for agricultural use. Soil analysis uses the 
presence of invertebrates to determine the quality of the soil and scores are attributed based 
on species and abundance (Stork and Eggleton 1992). Since ground dwelling invertebrates 
are the main component of Atelerix frontalis’ diet, the species may only occur in regions were 
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the soil can suitably support its primary food source (Lynch 1983; Smithers 1983; Skinner 
and Chimimba 2005). Agriculture may have an impact on the occurrence of Atelerix frontalis 
as the species may prefer highly productive soils and yet possibly be excluded from these 
areas due to disturbance and secondary poisoning. A pattern previously noted in the 
Erinaceus europaeus (Hof and Bright 2012). Such problems many lead to Atelerix frontalis 
occupying areas were soils are less productive in order to avoid the risks associated with 
agricultural areas.  
 
In conclusion, Atelerix frontalis were most prevalent in close proximity to roads and in 
grasslands and savannas vegetation regions. These biomes have clay based soils that are 
typically fertile, productive and likely to be abundant in invertebrate prey. It appears that 
Atelerix frontalis are inhabiting more nutrient rich soils at a large scale while at a fine scale 
occurrences were predominately in nutrient poor and less agriculturally desirable. I 
hypothesize that the observed difference in soil selection is related to Atelerix frontalis 
displaying behavioural plasticity through niche differentiation. This suggests that Atelerix 
frontalis are resource generalists, as they do not appear to be restricted to specific resources. 
Adaptability is likely to benefit the species, as exploitation of novel environments becomes a 
real possibility in the light of climate change. While the resource selection functions provide 
some insight in to the areas that may be preferred by Atelerix frontalis, little is known about 
the species ability to survive in the environments where they have been sighted or how they 
minimise contact with people. Some consideration needs to be taken into account for the use 
of different vegetation maps and scales for the resource selection analysis. The difference in 
resource selection may be attributed to spatial differences in the South African landscape but 
given that nutrient rich soils were available in the Johannesburg area and not occupied, it 
appears that another factor may be at play. Further research is required to determine the 
resources that are used by Atelerix frontalis since the species occurrence data in my study 
were not at a fine enough scale to establish direct resource use, which could be achieved by 
tracking individuals in various habitats.  
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Chapter 4. Demographic patterns 
 
Introduction 
Demography or demographic analysis is the study of population dynamics using 
characteristics that involve survival and reproduction (Morrison and Hik 2007). The 
characteristics that are frequently assessed are sex, age, birth rates, death rates, mating 
seasons, litter size, survival rate, periods of population growth or decline and relatedness of 
individuals in the population (Morrison and Hik 2007; Bolfikova and Hulva 2011). 
Populations are at risk of extinction if there are major demographic changes, such as skewed 
sex ratio, unbalanced age structure, high mortality, close relatedness between individuals and 
low birth rates (Bolfikova and Hulva 2011). Demographic patterns are typically collected 
during “on the ground studies” where individuals in the population can be captured, released 
and recaptured (Bowen and Read 1998; Morrison and Hik 2007). 
 
 Knowledge of the demographic patterns of a population can provide great insight into 
population trend dynamics and sustainability (Bowen and Read 1998; Morrison and Hik 
2007). Demographic studies can also be used to track the spread of genes or disease through a 
population (Riley et al. 1998). In addition, through demographic analysis, conservation 
efforts can be focused in areas that require interventions and targeted at characteristics 
creating the instability (Morrison and Hik 2007).  
 
I aimed to establish the monthly demographic patterns of Atelerix frontalis, using data 
collected by FreeMe Rehabilitation Centre to establish the age, sex and body condition 
individuals received. Since Atelerix frontalis enter torpor from the end of May to the end of 
August, I predicted few to no sightings during this period. I predicted that juveniles would be 
seen from November, due to the 5-6 week gestation period and since juveniles only begin 
foraging with their mother from 4 weeks of age (Skinner and Chimimba 2005). 
 
Methods and materials 
To establish the monthly demographic patterns of Atelerix frontalis, I used the records 
available in the FreeMe Rehabilitation Centre database. FreeMe is a wildlife rehabilitation 
centre located in northern Johannesburg (-26.030064 S, 28.041116 E), but receives wildlife 
from areas throughout Gauteng and the country. I only used data from June 2008 to July 2014 
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because this was the period when data was most reliably and consistantly collected by 
FreeMe Rehabilitation Centre. I excluded records of Atelerix frontalis sold in traditional-
medicine (“muti”) market or kept as pets, as these did not include locality information and 
timing of collection, and therefore not valid in assessing the aims of my study. Age (adult, 
juvenile, hoglet and ages unknown) and sex (male, female and unsexed) were obtained from 
the database for analysis. Due to Atelerix frontalis curling up tightly when disturbed, the sex 
of each animal was not always recorded. FreeMe Rehabilitation Centre staff also recorded 
body condition (poor, good, and undetermined) of all Atelerix frontalis. FreeMe 
Rehabilitation Centre staff considered a individual to be in poor body condition when it was 
underweight, had injuries, high parasite loads or any other signs of disease. Good body 
condition was recorded for individuals with a good weight for its size and no signs of disease 
or parasites. If none of these characteristics were recorded, the body condition was recorded 
as undetermined.    
 
All data analyses were conducted in R 3.1.2 and the “polytomous” package was required to 
generate cellwise residuals. I conducted a χ2 analysis to assess the variation in sex, age and 
body condition per month for each year (from June 2010 to July 2014), followed by post hoc 
analysis to generate the cellwise residuals to identify significant contributors of monthly 
occurrence.  
 
Results 
The χ2 analysis revealed a significant variation in the number of Atelerix frontalis sightings 
per month in the year and for the age groups but no difference in relation to sex and body 
condition (Table 4.1). In 2010-2011 and 2012-2013, Atelerix frontalis sightings were more 
frequent in September and August, respectively. Atelerix frontalis were more frequently seen 
from December to February in 2010-2011, 2011-2012 and 2013-2014. In 2011-2012, 2012-
2013 and 2013-2014 sightings of Atelerix frontalis were more frequent from April to June 
(Appendix 23 & 24). In relation to age, adult Atelerix frontalis were sighted most frequently 
in October, November, March and April. March and June were the months with the greatest 
frequent sightings of juveniles, while neonatal sightings were of greatest frequency in August 
and April (Table 4.1; Appendix 23 & 24).  
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Table 4.1: Chi-squared test results for the age, sex and body condition data for Atelerix 
frontalis received by FreeMe Rehabilitation Centre. 
 
Chi-square value 
(χ 2) 
P value Degrees of freedom 
Year 91.39 0.002 5 
Age 57.11 <0.001 2 
Sex 8.31 0.503 1 
Body 
Condition 
9.86 0.543 1 
 
 
Atelerix frontalis showed a distinct pattern of sightings, with low encounter rates during the 
winter months (June to August) and during the hottest summer months (December and 
February) (Figure 4.1). Encounter rates in Johannesburg were highest from September to 
May, with one peak from September to November and another from March to May (Figure 
4.1). The difference in the number of Atelerix frontalis from July to August and then to 
September, indicate the seasonal change from winter to spring. October and March were the 
months with the highest average number of sightings and total number of records, but March 
had the highest variation from June 2010 to July 2014 (Figure 4.1). There was a decrease in 
the number of records from November to December and an observable increase from 
February to March (Figure 4.1). January had a large variance over the time period (June 2010 
to July 2014) and overlaps with some months of high activity, such as September, March, 
April and May. April had the greatest variance from 2011 to 2014 and could not be 
considered different from the low encounter months such as January (Figure 4.1). The 
number of records in June was less than in May, representative of the decrease in activity 
associated with torpor.  
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Figure 4.1: Mean (± SE) number of Atelerix frontalis received by FreeMe Rehabilitation 
Centre each month from July 2011 to June 2014 
 
 
Adult Atelerix frontalis were recorded every month, with the exception of June and July, and 
were most frequently seen in October (Figure 4.2). The ratio of adult to sub-adult varied 
greatly throughout the year. From August to November, there was a 3:1 ratio of adults to sub-
adults, thereafter approximating 1:1 (Figure 4.2). Sub-adults appeared throughout the year, 
except in July, and were found most frequently during March (Figure 4.2). Neo-natal Atelerix 
frontalis were recorded only in three months, August, March and April, of which April had 
the highest frequencies. In August and April, neo-natal frequency was similar to adults but in 
March, adults and sub-adults were considerably more frequent than neo-natal Atelerix 
frontalis (Figure 4.2).  
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Figure 4.2: Total number of adults, juveniles and neo-natal Atelerix frontalis received by 
FreeMe Rehabilitation Centre each month from July 2008 to June 2014. 
 
 
Male Atelerix frontalis were more frequently received by FreeMe Rehabilitation Centre than 
females, and October had the highest frequency of male encounters (Figure 4.3). Males were 
seen in all but two months (December and June) of the year, where females were only 
recorded in 6 months of the year (September, October, November, January, March and April) 
(Figure 4.3). Frequencies of female records were similar throughout the year but were highest 
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in March and April (Figure 4.3). During September to November, the ratio of male to female 
records was 3:1 or more but thereafter was a 1:1 (Figure 4.3). 
 
Figure 4.3: Total number of male and female Atelerix frontalis received by FreeMe 
Rehabilitation Centre each month from July 2008 to June 2014. 
 
 
The body condition of Atelerix frontalis received was typically good and majority of the 
individuals in poor body condition received their injuries due to contact with people (e.g. hit 
by a car or attacked by a dog). The good body condition patterns follows a similar pattern to 
the Atelerix frontalis demographic patterns throughout the year, with peaks in October and 
March (Figure 4.4). During the year, the ratio of good to poor body condition was a minimum 
of 2:1 and even went up to 23:1 in November (Figure 4.4). Poor condition was more frequent 
in September and March and none were found in July, December and January (Figure 4.4). 
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Figure 4.4: Total number of Atelerix frontalis with poor or good body condition received by 
FreeMe Rehabilitation Centre each month from July 2008 to June 2014. 
 
 
Discussion 
Atelerix frontalis demography showed a distinctive pattern of low frequency encounters in 
winter (June and July) as well as the hotter summer period from December to February. The 
low occurrence of Atelerix frontalis during the winter months is likely due to torpor (Smithers 
1983; Gillies et al. 1991; Skinner and Chimimba 2005), but it is unclear why the species was 
encountered less frequently during mid-summer. The high frequency of Atelerix frontalis 
from September to November is expected to be due to post-topor emergence in search for 
food and mates. This is supported by the abundance of adults, especially males encountered 
during this period. The energy reserves that Atelerix frontalis build up prior to torpor are 
often depleted by the end of the winter season (Gillies et al. 1991). Therefore, those that 
survive the winter are likely to spend much of their time finding food resources to make up 
for the winter losses (Gillies et al. 1991).  
 
The Atelerix frontalis mating season also begins in spring (September) and extends 
throughout the summer and autumn seasons (November – April) but female Atelerix frontalis 
typically only reproduce once during this period (Smithers 1983; Skinner and Chimimba 
2005). Adult male Atelerix frontalis were encountered more frequently than adult females 
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during this period, which suggests a promiscuous mating system. Erinaceus europaeus are 
known to have a promiscuous mating system, characterised by males searching for receptive 
females and extending their home ranges (Deanesly 1934; Riber 2006; Haigh 2011; 
Rodrigeuz Recio et al. 2013). Nonetheless, the mating system of Atelerix frontalis is 
unknown and needs further investigations. The sustained presence of Atelerix frontalis, 
especially juveniles, throughout the year may bring into question whether torpor occurs in the 
urban environment and the limited seasonal breeding of the species. However, research on 
Atelerix frontalis torpor patterns indicate that changes in temperature and photoperiod are the 
factors regulating activity (Gillies et al. 1991). The provision of food resources appears to 
have no effect on torpor as even pet hedgehogs have been reported to enter torpor during 
winter. The continuous juvenile activity, especially those found in winter, appeared to be 
related to inexperienced youngest that selected unsuitable nesting sites which resulted in 
contact with people. The large grouping of juveniles and sub-adults could also be a result of 
non-standardised approaches of measuring age at FreeMe Rehabilitation Centre. 
 
The second peak in Atelerix frontalis encounters occurred from February to April. This high 
encounter rate is expected to be due to dispersal activities of juvenile or sub-adult individuals. 
Considering that the species has a gestation period of 5-6 weeks and weaning occurs at 5 
weeks, Atelerix frontalis would disperse as early as November or December (Lynch 1983; 
Smithers 1983; Skinner and Chimimba 2005). While juvenile Atelerix frontalis were recorded 
throughout the year, juveniles were encountered more frequently than adults in March. From 
February to April, adults and juveniles of both sexes were encountered at similar frequencies, 
suggesting dispersal or foraging activities rather than mating behaviour (Deanesly 1934; 
Haigh 2011). 
 
The majority of the Atelerix frontalis received by FreeMe Rehabilitation Centre were in good 
body condition and appeared to be coping with the prevailing urban conditions. Good body 
condition was established primarily by the weight of the individual and the absence of 
injuries and parasites. The individuals characterised as having poor body condition typically 
had healthy weights and only became injured due to encounters with pets or cars. Given that 
most of Atelerix frontalis were in good body condition, contact with humans was unlikely to 
be due to insufficient food resources in the natural environment. Some Atelerix frontalis have 
been known to enter private property in order to gain access to pet food, but the majority of 
individuals appear to be sustained by the natural environment because they are in good body 
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condition prior to coming into contact with people (Lynch 1983; Smithers 1983). The body 
condition of Atelerix frontalis was also a measure of the species resilience in urban 
environments. It is apparent that Atelerix frontalis are surviving and breeding in urban 
environments, even though there are predation risks from pets and people (Skinner and 
Chimimba 2005). Therefore, Atelerix frontalis that are encountered in urban environments do 
not need to be removed from natural habitat by concerned members of the public (who may 
fear that the Atelerix frontalis does not belong there or will not survive in the urban 
environments) unless there is eminent danger. There is the potential for Atelerix frontalis to 
live abundantly in urban areas, like Erinaceus europaeus, but this would require residents to 
be more cautious with their pets and pass relevant knowledge to neighbours (Riber 2006; 
Amori et al. 2008; Morris and Reeve 2008). Atelerix frontalis in Johannesburg could also 
benefit from the presence of corridors in order to link metapopulations (Dickman and 
Doncaster 1987; Brock and Kelt 2004). 
 
In conclusion, Atelerix frontalis appear to be successfully inhabiting urban environments and 
demographic data suggest that the urban populations are breeding and in good body 
condition. Adults are more prevalent in early summer and juveniles more so from February 
onwards. While I was able to analyse some of the demographic data for the species, 
information could be improved by consistently recording sex and weight of each of the 
Atelerix frontalis encountered to assess population health and viability, during future 
environmental change.  
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Chapter 5. Discussion 
 
The focus of my study was to investigate the distribution, resource selection and urban scale 
demographic patterns of Atelerix frontalis. My first aim was to collect occurrence data for the 
Atelerix frontalis and use it to model the species distribution. The model provided insight into 
the potential current distribution, physiological tolerances of the species, as well as the future 
distribution of Atelerix frontalis. My second aim was to assess the species resource selection 
at a general (South Africa) and urban scale (Greater Johannesburg). The analysis provided 
reasons for the urban occurrence of Atelerix frontalis and provided insight into the species’ 
resource requirements. The final aim was to assess the demographic patterns of the urban 
living Atelerix frontalis as a means of establishing the viability of the population in urban 
areas. My study provides valuable data for a poorly studied small mammal in South Africa. 
However, the species’ secretive nature makes it difficult to assess its general biology and 
conservation status. Using several techniques, I obtained a large sample of previously 
unknown geographic data for Atelerix frontalis. My key findings indicate that Atelerix 
frontalis occur in a climatic niche based on their physiological tolerance as well as resource 
requirements, and it appears that there are stable populations in urban environments.   
 
Species with similar distribution ranges to the Atelerix frontalis are the eastern rock sengi 
(Elephantulus myurus) (Stuart et al. 2008) and the Highveld gerbil (Gerbilliscus brantsii) 
(Griffin and Coetzee 2008). Elephantulus myurus is a small insectivore, which also 
experiences torpor and as it name suggests, occupies rock crevices (Hex 1997; Skinner and 
Chimimba 2005; Stuart et al. 2008). Gerbilliscus brantsii is a small rodent that occurs in a 
variety of habitats and is primarily a herbivore but also opportunistically eats insects (Hex 
1997; Skinner and Chimimba 2005; Griffin and Coetzee 2008). While these species may 
occupy similar distributions and possibly compete for resources (invertebrate food sources), 
the coexistence of the species is likely due niche partitioning (Braithwaite et al. 1978; 
Sushma and Singh 2006; Vieira and Port 2007). Niche partitioning occurs at both temporal 
(differing activity patterns) and spatial (locality of resources such as nesting and feeding 
sites) scales in order to limit competition between similar species (Braithwaite et al. 1978; 
Sushma and Singh 2006; Vieira and Port 2007). Future studies could focus on identifying 
whether there is interspecific species competition and the level at which the competition 
occurs. An emergent consideration from my research is that given that both the eastern rock 
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sengi and Highveld gerbil share similar geographic ranges, it is possible that both species will 
experience the same decline in distribution as predicted for the Atelerix frontalis. Little 
research has been conducted on of these species across their distribution but thus far 
populations appear to be stable (Griffin and Coetzee 2008; Hutterer 2008; Stuart et al. 2008). 
 
The Atelerix frontalis distribution is expected to retract by 2050 and even more so by 2070. 
The loss in the distribution range can be expected to be drastic if the climatic conditions 
change in line with the representative concentration pathway 8.5 scenario. This scenario 
predicts an increase in the mean global temperature of 2°C by 2050 and 3.7°C by 2070. The 
RCP 8.5 scenario also predicts an increase in the mean global sea level of 0.3 m by 2050 and 
0.63m by 2070. If these changes do occur, Atelerix frontalis are expected to retract to higher 
altitude areas, specifically toward the Drakensberg Mountain range in South Africa. The 
movement of species to higher altitudes as a result of climate change is a common pattern 
observed in distribution studies (Williams et al. 2008; Root et al. 2013). Both plant and 
animal species have been found to retract their distribution to refuge areas that are at higher 
elevations (Root et al. 2013). The predicted retraction in the distribution demonstrates that 
Atelerix frontalis occur in a specific climatic envelope and are likely to be restricted to this 
envelope due to physiological tolerances. 
 
The modelling of the Atelerix frontalis distribution and future distribution predictions are 
incredibly useful in managing the species and should be used as a guideline for conservation 
efforts (Anderson and Martinez-Meyer 2004; Dorman 2007; Thomaes et al. 2008; Jackson 
2011). While the species distribution models could account for the changes in climatic 
conditions, these only model the fundamental niche (area with climatically suitable 
conditions). The actual area occupied (realised niche) by the species is often more due to 
ecological (i.e. competition and resource locality) and anthropogenic factors (human 
influences) than due to the climatic factors (Dickman and Doncaster 1987; Peterson 2001; 
Thomaes et al. 2008). Further studies are required to determine the ecological factors 
affecting the species but from the resource selection analysis, some inferences can be made 
with regard to environmental change. Atelerix frontalis were found to select grassland and 
savanna vegetation types, along with highly productive, clay-based soils. While the selection 
of such environments could be beneficial through the availability of food resources, such 
qualities are also desirable by people for industrial, agricultural and mining activity (Scholes 
1997; Palmer and Ainslie 2005; Hurst et al. 2014). This conflict for habitat means that 
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Atelerix frontalis are vulnerable to the effects of habitat transformation and habitat loss. 
Agricultural practises have already been shown to negatively impact the occurrence of 
Erinaceus europaeus through the use of pesticide and high levels of disturbance (Hof and 
Bright 2012). The grassland and savanna regions of the country are the agricultural back-
bone of South Africa (Scholes 1997; Palmer and Ainslie 2005). The predicted retraction in 
distribution for Atelerix frontalis does not only have implications for this species but is also 
an indicator that the biomes that humans and numerous other species rely on could rapidly 
decline (Scholes 1997; Palmer and Ainslie 2005). These biomes need to be considered of 
conservation concern and protected to ensure the survival of a diversity of plants and animals 
and the continuation of agricultural practises in South Africa. The Drakensburg Mountain 
range should also be conserved to provide a refuge for species if the climatic scenarios 
become a reality.  
 
The selection of specific climatic and vegetation characteristics, as well as the predicted 
decline in distribution, indicate that Atelerix frontalis have a specific niche and so one would 
expect to see a niche conservatism pattern in urban areas. However, it is also important to 
consider that species distribution models predict the future distribution of a species based on 
the assumption that the species niche will remain constant between the present and future 
occurrences (Pearson et al. 2007; Thomaes et al. 2008; Copper et al. 2011; Jackson 2011; 
Pavey et al. 2014). It can be difficult to predict a species adaptive capacity but the resource 
selection at a Johannesburg scale may provide some insight.  
 
While no environmental features were found to affect the odds of occurrence for Atelerix 
frontalis at a Johannesburg scale, on average, Atelerix frontalis in Johannesburg were 
significantly closer proximity to all the environmental features than the Atelerix frontalis 
occurrence for South Africa. With regard to the South African (general) scale selection of 
environmental features, the Atelerix frontalis odds of occurrence were highest to roads, 
human settlements, cemeteries, recreational areas and other natural water sources. These 
features are likely to indicate of where people live and conduct common activities (Botts et 
al. 2011) and which increase the encounter rate with Atelerix frontalis, which are elusive and 
sightings are rare. In the urban Johannesburg environment, Atelerix frontalis occurred in 
vegetation types that were less frequently disturbed as well as in soil types that were less 
productive and are sensitive to erosion. Therefore, these vegetation and soil types are likely to 
be less desirable for agricultural or other commercial practises (Palmer and Ainslie 2005; Fey 
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2010). Development in Johannesburg was likely to be targeted at productive and resource 
rich regions and the use of these areas may have pushed Atelerix frontalis into the 
surrounding regions.  
 
The Johannesburg Atelerix frontalis population appears to be selecting for different soil 
resources than the large scale Atelerix frontalis population. This opposes the niche 
conservatism hypothesis and suggests that Atelerix frontalis living in Johannesburg are not 
occurring in refuge habitat. The selection of different resources at each scale suggests niche 
differentiation and that Atelerix frontalis possibly have the capacity to adapt to their 
environment. The adaptive capacity of a species is typically related to phenotypic and 
genotypic plasticity (Ditchkoff et al. 2006; Williams et al. 2008; Ghalambor et al. 2010). No 
studies have been conducted regarding the genetic, morphological or physiological 
differences between urban and rural Atelerix frontalis but my study suggests that the species 
could be displaying behavioural plasticity through differential selection of resources. 
 
Behavioural adaptations are common in urban living species and typical examples include 
changes in foraging, resource selection and predator avoidance behaviours (West-Eberhard 
1989; Ghalambor et al. 2010; Chapman et al. 2012). Erinaceus europaeus are a commonly 
observed urban resident in the United Kingdom and while there are some risks in urban 
environments, such as domesticated pet predators and vehicular traffic, Erinaceus europaeus 
are known to occur in higher abundance in urban areas than rural areas (Micol et al. 1994; 
Riber 2006; Hof 2009). The observed difference between the two areas may be attributed to 
the sampling intensity, the method of data collection and differing percentages of urbanised 
land. If Atelerix frontalis were only just surviving in urban environments, one would expect 
to have frequent cases of poor health. However, the opposite was true and the majority of the 
Atelerix frontalis brought into FreeMe Rehabilitation Centre were in good body condition. 
Good body condition indicates that the species is surviving well in the Johannesburg urban 
environment and demographic data suggest that they are reproducing. While Atelerix 
frontalis may opportunistically exploit food resources (pet food) available in urban areas, it 
seems that breeding and dispersal behaviours are more likely responsible for the species 
coming into contact with people (Smithers 1983), as also reported for the Erinaceus 
europaeus (Haigh 2011; Rodrigeuz Recio et al. 2013). While the species ability to survive in 
urban environment seems good, the threat of predation (by humans and unnatural predators 
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such as dogs and cats) as well as limited dispersal ability in cities are factors that need to be 
studied further (Smithers 1983; Skinner and Chimimba 2005).  
 
My study has provided information about a seldom seen and relatively poorly studied species. 
The data obtained have provided for a better understanding into the species current 
distribution and even predicted the distribution for 2050 and 2070. The current distribution 
occurs in areas with climatic conditions of dry, cold winters and wet summers, typical of 
savanna and grassland vegetation. Atelerix frontalis occurrence could be attributed to dietary 
requirements or adaptive physiology, such as torpor in winter. The survival of Atelerix 
frontalis seems precarious given the extent of decline predicted under future climate 
scenarios but the species appears to have some ability to cope and possibly even adapt to 
change. Resource selections functions indicated that Atelerix frontalis select for different 
vegetation and soil resources at the South Africa and Johannesburg scale. This behavioural 
plasticity supports the niche differentiation hypothesis. The urban population appears to be 
stable and thriving, although efforts need to be implemented to reduce predation and promote 
dispersal. Atelerix frontalis may become physiologically restricted to a smaller area within 
southern African but the species adaptive capacity may allow for occurrence in urban 
environments that are unavailable to other species. Future research should focus on the fine 
scale resource requirements and microhabitat use of Atelerix frontalis in order to clarify many 
of the assumptions raised in this dissertation. Future studies would do well to sample rural 
areas and non-affluent demographics as my research primarily targeted English speaking 
individuals with access to computers and therefore skewed my sampling efforts.  Research 
into the genetic, morphological and physiological similarities and differences between urban 
and rural populations of Atelerix frontalis could also provide insight into the extent of the 
species adaptive capacity. 
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Appendix 
Appendix 1. IFAH project poster that was distributed to members of public, friends of the Facebook page, city parks, golf courses, botanical 
gardens, nature reserves and environmental agencies throughout southern African. 
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Appendix 2: Pearson’s correlation test for WorldClim bioclimatic features and altitude to assess association (Alt – altitude).  Correlated values > 
0.7 are bolded.
 Alt BIO1 BIO2 BIO3 BIO4 BIO5 BIO6 BIO7 BIO8  BIO9 BIO10 BIO11 BIO12 BIO13 BIO14 BIO15 BIO16 BIO17 BIO18 BIO19 
Alt - -0.63 0.37 -0.31 0.38 -0.23 -0.83 0.39 0.05  -0.80 -0.42 -0.77 0.14 0.28 -0.34 0.40 0.27 -0.34 0.31 -0.39 
BIO1 -0.63 - 0.11 0.14 0.02 0.63 0.59 0.05 0.62  0.52 0.87 0.85 -0.21 -0.14 -0.26 0.32 -0.14 -0.26 -0.08 -0.26 
BIO2 0.37 0.11 - -0.54 0.92 0.76 -0.68 0.97 0.40  -0.27 0.52 -0.40 -0.71 -0.54 -0.72 0.39 -0.55 -0.74 -0.47 -0.63 
BIO3 -0.31 0.14 -0.54 - -0.81 -0.47 0.61 -0.72 -0.18  0.37 -0.28 0.54 0.46 0.42 0.24 -0.03 0.44 0.26 0.43 0.21 
BIO4 0.38 0.02 0.92 -0.81 - 0.74 -0.73 0.99 0.35  -0.33 0.49 -0.52 -0.70 -0.57 -0.60 0.28 -0.58 -0.62 -0.53 -0.51 
BIO5 -0.23 0.63 0.76 -0.47 0.74 - -0.11 0.76 0.54  0.20 0.92 0.16 -0.77 -0.66 -0.58 0.26 -0.66 -0.60 -0.61 -0.47 
BIO6 -0.83 0.59 -0.68 0.61 -0.73 -0.11 - -0.73 -0.02  0.72 0.19 0.90 0.27 0.17 0.39 -0.22 0.18 0.41 0.14 0.39 
BIO7 0.39 0.05 0.97 -0.72 0.99 0.76 -0.73 - 0.39  -0.33 0.51 -0.48 -0.71 -0.57 -0.65 0.32 -0.58 -0.68 -0.51 -0.58 
BIO8 0.05 0.62 0.40 -0.18 0.35 0.54 -0.02 0.39 -  -0.30 0.67 0.32 -0.12 0.02 -0.43 0.56 0.02 -0.43 0.15 -0.66 
BIO9 -0.80 0.52 -0.27 0.37 -0.33 0.20 0.72 -0.33 -0.30  - 0.33 0.65 -0.17 -0.25 0.18 -0.31 -0.23 0.17 -0.31 0.39 
BIO10 -0.42 0.87 0.52 -0.28 0.49 0.92 0.19 0.51 0.67  0.33 - 0.49 -0.56 -0.45 -0.47 0.34 -0.46 -0.49 -0.39 -0.42 
BIO11 -0.77 0.85 -0.40 0.54 -0.52 0.16 0.90 -0.48 0.32  0.65 0.49 - 0.16 0.14 0.12 0.08 0.15 0.13 0.16 0.09 
BIO12 0.14 -0.21 -0.71 0.46 -0.70 -0.77 0.27 -0.71 -0.12  -0.17 -0.56 0.16 - 0.94 0.54 0.06 0.95 0.57 0.91 0.37 
BIO13 0.28 -0.14 -0.54 0.42 -0.57 -0.66 0.17 -0.57 0.02  -0.25 -0.45 0.14 0.94 - 0.28 0.32 1.00 0.31 0.96 0.17 
BIO14 -0.34 -0.26 -0.72 0.24 -0.60 -0.58 0.39 -0.65 -0.43  0.18 -0.47 0.12 0.54 0.28 - -0.66 0.29 0.99 0.20 0.77 
BIO15 0.40 0.32 0.39 -0.03 0.28 0.26 -0.22 0.32 0.56  -0.31 0.34 0.08 0.06 0.32 -0.66 - 0.32 -0.66 0.34 -0.51 
BIO16 0.27 -0.14 -0.55 0.44 -0.58 -0.66 0.18 -0.58 0.02  -0.23 -0.46 0.15 0.95 1.00 0.29 0.32 - 0.31 0.97 0.18 
BIO17 -0.34 -0.26 -0.74 0.26 -0.62 -0.60 0.41 -0.68 -0.43  0.17 -0.49 0.13 0.57 0.31 0.99 -0.66 0.31 - 0.24 0.77 
BIO18 0.31 -0.08 -0.47 0.43 -0.53 -0.61 0.14 -0.51 0.15  -0.31 -0.39 0.16 0.91 0.96 0.20 0.34 0.97 0.24 - -0.03 
BIO19 -0.39 -0.26 -0.63 0.21 -0.51 -0.47 0.39 -0.58 -0.66  0.39 -0.42 0.09 0.37 0.17 0.77 -0.51 0.18 0.77 -0.03 - 
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Appendix 3: The Atelerix frontalis occurrence records ascertained during the study, and the                 
calculated unique quarter degree squares (QDS) and the area of the two QDS rule drawn 
distribution. 
  
1900-2014 1980-2014 2000-2014 
Citizen 
Science 
Museum 
records 
       
Number of occurrence records 991 831 716 888 103 
 
Number of unique quarter 
degree squares (QDS) 260 199 167 217 65 
      
      
Two QDS rule distribution 
areas      
Distribution area (km2) 543478 384684 341521 - - 
      
 
 
Appendix 4: Jacknife analysis conducted by Maxent to identify the individual contributions 
of each of the bioclimatic features to the model. Bio3 = Isothermality, bio8 = mean 
temperature of the wettest quarter, bio9 = mean temperature of the driest quarter, bio10 = 
mean temperature of the warmest quarter, bio12 = annual precipitation, bio14 = precipitation 
in the driest month and bio15 = precipitation seasonality. 
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Appendix 5: Mean (± 95% CI) distance (km) of the fine scale occurrence of Atelerix frontalis 
from ridges in relation to the mean (±95% CI) furthest available distances from ridges in 
Johannesburg. 
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Appendix 6: Odds of Atelerix frontalis occurrence (± 95% CI) on a fine scale, based on 
distance from ridges (km). * = p < 0.05 for presence vs available data in each category.. 
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Appendix 7: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from rivers in relation to the mean (±95% CI) furthest available distances from rivers 
at both scales. 
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Appendix 8: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from rivers (km). * = p < 0.05 for presence vs available data in each 
category. 
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Appendix 9: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from industrial areas in relation to the mean (±95% CI) furthest available distances 
from industrial areas at both scales. 
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Appendix 10: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from industrial areas (km). * = p < 0.05 for presence vs available 
data in each category. 
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Appendix 11: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of 
Atelerix frontalis from agricultural areas in relation to the mean (±95% CI) furthest available 
distances from agricultural areas at both scales. 
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Appendix 12: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from agricultural areas (km). * = p < 0.05 for presence vs available 
data in each category. 
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Appendix 14: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from forests (km). * = p < 0.05 for presence vs available data in each 
category. 
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Appendix 13: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from forests in relation to the mean (±95% CI) furthest available distances from forests 
at both scales. 
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Appendix 15: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of 
Atelerix frontalis from commercial areas in relation to the mean (±95% CI) furthest 
available distances from commercial areas at both scales. 
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Appendix 16: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from commercial areas (km). * = p < 0.05 for presence vs available 
data in each category. 
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Appendix 17: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from landfill sites in relation to the mean (±95% CI) furthest available distances from 
landfill sites at both scales. 
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Appendix 18: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from landfill sites (km). * = p < 0.05 for presence vs available data in 
each category. 
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Appendix 19: Mean (± 95% CI) distance (km) of the large and fine scale occurrence of Atelerix 
frontalis from protected areas in relation to the mean (±95% CI) furthest available distances 
from protected areas at both scales. 
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Appendix 20: Odds of Atelerix frontalis occurrence (± 95% CI) on a large (circle) and fine scale 
(triangle), based on distance from protected areas (km). * = p < 0.05 for presence vs available data 
in each category. 
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Appendix 21: Table of the number of instances were features were in close proximity to each 
other and in close proximity to Atelerix frontalis at a large scale. 
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roads - 46 54 5 
1
4 15 1 5 6 1 7 0 
rivers 46 - 32 8 8 14 0 3 1 1 5 0 
human settlements 54 32 - 6 
2
0 17 1 3 0 0 10 0 
other natural water sources 5 8 6 - 0 1 0 1 0 0 1 0 
cemeteries  14 8 20 0 - 8 0 1 0 0 3 0 
recreational areas 15 14 17 1 8 - 1 2 0 0 4 0 
agricultural areas 1 0 1 0 0 1 - 0 0 0 2 0 
industrial areas 5 3 3 1 1 2 0 - 0 0 2 0 
protected areas 6 1 0 0 0 0 0 0 - 1 0 0 
forests 1 1 0 0 0 0 0 0 1 - 0 0 
commercial areas 7 5 10 1 3 4 2 2 0 0 - 1 
landfill sites 0 0 0 0 0 0 0 0 0 0 1 - 
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Appendix 22: Table of the number of instances were features were in close proximity to each 
other and in close proximity to Atelerix frontalis at a fine scale. 
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roads - 68 79 27 3 23 2 18 4 2 30 0 
rivers 68 - 63 31 5 33 1 14 4 4 26 0 
human settlements 79 63 - 37 7 38 1 19 1 4 46 0 
other natural water sources 27 31 37 - 3 23 1 5 1 1 27 0 
cemeteries  3 5 7 3 - 3 0 2 0 0 3 0 
recreational areas 23 33 38 23 3 - 3 5 0 3 21 0 
agricultural areas 2 1 1 1 0 3 - 0 0 0 0 0 
industrial areas 18 14 19 5 2 5 0 - 0 0 9 0 
protected areas 4 4 1 1 0 0 0 0 - 0 1 0 
forests 2 4 4 1 0 3 0 0 0 - 1 0 
commercial areas 30 26 46 27 3 21 0 9 1 1 - 0 
landfill sites 0 0 0 0 0 0 0 0 0 0 0 - 
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Appendix 23: Demographic patterns of Atelerix frontalis according to the collection records of FreeMe Rehabilitation centre.
Months 
 July August September October November December January February March April May June 
Total number of  Atelerix frontalis 1 8 27 31 24 6 14 13 38 28 17 3 
Number of seasons with at least 
one record in the following month 2 4 5 6 4 3 3 5 6 3 3 3 
             
Age             
Adult 0 4 17 24 17 2 5 5 14 8 7 0 
Sub-adult/Juvenile 0 1 5 5 3 2 6 4 16 6 4 2 
Neo-natal 0 3 0 0 0 0 0 0 3 6 0 0 
Unknown 1 0 5 3 4 2 3 4 5 8 6 0 
Sex             
Male 1 1 6 8 7 0 1 1 2 3 3 0 
Female 0 0 2 2 1 0 1 0 3 3 0 0 
Unknown 0 7 19 17 16 6 11 6 33 22 14 3 
Body condition             
Poor 0 1 6 3 1 0 0 1 7 4 3 1 
Good 1 7 22 29 23 6 14 12 31 24 14 2 
Unknown 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix 24: Cellwise residuals generated from the chi-square analysis of the Atelerix frontalis demographic patterns. Significant residuals (> 
1.96) are in bold. 
  Cellwise residuals per month 
 July August September October November December January February March April May June 
2013-2014 -0.76 -0.68 -0.77 -0.10 -0.32 -1.01 -2.93 -2.08 1.12 2.74 2.81 -1.32 
2012-2013 -0.50 2.21 -0.15 0.45 0.71 -1.23 0.88 -0.26 -1.51 -1.02 -0.09 2.07 
2011-2012 1.59 -1.02 -0.77 -0.35 1.05 3.03 2.47 0.39 0.95 -2.51 -1.47 -1.10 
2010-2011 -0.34 -0.98 2.19 -0.76 -1.77 -0.84 0.51 2.71 -2.05 1.80 -1.41 1.32 
2009-2010 -0.14 -0.41 -0.79 0.55 -0.74 -0.35 -0.55 1.64 1.96 -0.86 -0.59 -0.25 
2008-2009 -0.19 1.44 1.22 1.00 0.21 -0.47 -0.73 -0.67 -0.07 -1.14 -0.79 -0.33 
                          
Adult - -0.65 1.68 2.65 2.35 -0.45 -1.09 -0.34 -2.43 -2.04 0.19 -1.78 
Juvenile - -1.21 -0.99 -1.87 -1.73 0.78 1.66 0.83 2.27 -0.20 0.32 2.08 
Neo-natal - 3.43 -1.39 -1.64 -1.32 -0.56 -0.95 -0.85 0.50 4.25 -0.95 -0.39 
                          
Male  0.61 0.61 0.12 0.54 1.00 - -0.76 0.61 -1.79 -1.39 1.08 - 
Female -0.61 -0.61 -0.12 -0.54 -1.00 - 0.76 -0.61 1.79 1.39 1.08 - 
             
Poor -0.38 -0.02 1.48 -0.62 -1.34 -0.95 -1.48 -0.56 1.16 0.26 0.63 1.08 
Good 0.38 0.02 -1.48 0.62 1.34 0.95 1.48 0.56 -1.16 -0.26 -0.63 -1.08 
                          
